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SUMMARY 
 
 The effects of ionising radiation (IR) present in aquatic environments have been 
observed principally in vertebrate species but the potential biological impacts for 
aquatic invertebrate species are less clear. It is important to determine the influence of 
IR as a pollutant causing DNA damage in invertebrates at the molecular level since this 
may serve as an early warning of future population level repercussions. 
In this study, the biological effects of the IR as an environemntal contaminant at 
the molecular level was investigated by studying the induction of DNA damage, 
measured as mRNA expression of DNA repair genes and comet damage, in 
experimentally- and environmentally-exposed mussels, M. edulis. The experimental 
exposure consisted of different IR doses (1, 2, 10 and 50 Gy) and sampling at different 
post-exposure time points (1hr, 4 and 7 days). The environmental exposure was 
investigated using mussels collected from a contaminated site (Ravenglass Estuary) and 
a reference site (Brighton Marina). Two new molecular biomarkers were developed and 
employed. The first involves Rad51, a key protein in resynthesis, catalyzing and 
transferring of strands between broken sequences and its homologues in double strand 
break (DSBs) damage. The second biomarker involved a cell cycle checkpoint protein, 
check point kinase 1 (Chk1). To explore the activation of Rad51 and Chk1 mRNA 
activity as a result of exposure to IR, Rad51 and Chk1 mRNA in M. edulis were 
partially isolated and characterized and a quantitative assay developed to measure their 
expression using real-time PCR. Experimental exposure of M. edulis to IR (1, 2, 10 and 
50 Gy) resulted in a statistically significant increase in the levels of Rad51 transcripts. 
Chk1 mRNA expression levels, initially investigated in the experimental group, were 
altered following exposure to IR. In the samples collected from the environment, Rad51 
mRNA expression levels were increased in Ravenglass M. edulis gonad samples 
compared with the reference samples from Brighton Marina. In contrast, Chk1 
transcripts decreased in Ravenglass M. edulis gonad samples compared to Brighton 
samples. The observed effects, and the potential role of both Rad51 and Chk1 in the IR 
DNA damage response of mussels are discussed. 
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Chapter 1 
 Literature Review 
 
1.1. General introduction 
As the sphere of human influence continues to expand and include larger and 
larger aspects of the world’s global ecosphere, components within this ecosphere that 
were once thought to be highly resistant to global change are now becoming ecological 
concerns. One such component is the global ocean and the impact pollution has had on 
the enormous variety of life contained within it. The field of environmental toxicology 
involves the study of stress effects on organisms. Stresses can include physical, 
chemical and biological. Ionising radiation (IR) is an example of physical stress. Studies 
may investigate the impacts of stress, such as IR or chemical contaminants, at many 
levels of biological organization from the molecular or sub-cellular level to the 
population and community levels. Ideally scientists aim to determine a ‘cause-and-
effect’ relationship that links a specific contaminant or stress to a biological end point 
that is harmful for an organism. Also ideally, this knowledge is used to decide 
techniques that may give an early-warning of damage that has not yet become visible 
but which may have a damaging effect in the future. 
Oceanic water pollution takes on many different forms and at present nuclear 
pollution accounts for only a small amount of oceanic pollutants. While significant 
amounts of radium, plutonium, and other radioactive materials can cause ecological 
damage in isolated areas, such as a bay neighbouring a leaking radioactive materials 
depository, the ocean, as a whole, remains relatively unaffected by the global increase in 
nuclear materials (Lionetto et al., 2004). Isolated areas of the oceans impacted by 
radiation sources also include sites of weapons testing (Eisenbud, 1973). Aquatic 
 2 
 
 
environments play an important role in our food chain and in maintaing the balance of 
the public life and environment due to the enormous occupancy of marine ecosystem on 
earth. Alteration or Changes in the aquatic environment could affect the biota organisms 
of marine ecosystem. It is well known that aquatic environment have been receiving 
several chemical and physical agents that cause harmful impacts (IAEA, 1995; 
UNSCEAR, 1996, 2006). In the near coastal region, however, aquatic biota are much 
more likely to be impacted by point sources of radioactive contaminants, mainly from 
nuclear reprocessing plants situated in estuaries (Table 1.1.1) and other nuclear sites in 
UK (Fig. 1.1.1).  
Table 1.1.1. Levels of IR in the environment of some nuclear sites in the UK (RIFE14, 2008). 
Site Material Radionuclide 
Mean 
Radioactivity 
Concentration, 
Bq Kg-1 
Radiation 
Dose Rate 
µGy h-1 
Total 
Exposure 
mSv per 
year 
Sediment 31-580 
Mussels 0.80 
Springfield 
(nuclear power 
plant, 
operational) Mullet 
137Cs 
3.5 
0.073-0.14 
sediment 
0.16 
sediment 
137Cs 65 Soil 60Co 0.70 
Sellafield 
(nuclear 
reprocessing 
plant, 
operational) Plaice 
14C 190 
0.1 0.47 
Cod 8.5 
Plaice 3.7 
Crabs 1.1 
Winkles 7.8 
Cockles 4.4 
Mussels 1.4 
Ravenglass 
near Sellafield 
Sediment 
137Cs 
130-330 
0.10-0.17 0.046 
Whitehaven 
near Sellafield Sediment 
137Cs 32 0.10 0.47 Molluscs 
Cod 0.20 Dungeness 
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Fig. 1.1.1. Radiation exposure sites in UK from radioactive waste discharges and direct 
exposure to radiation showing the highest radiation exposure at Sellafield area and Dungeness 
site (adapted from RIFE 14, 2008). 
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1.1.1. Sources of radiation in the environment 
Exposure to IR may result from background sources as well as radionuclides 
released during fuel fabrication, the normal operation of nuclear power reactors, nuclear 
accidents, waste storage sites and past weapons testing. In the U.K. most radiation 
results from the detonation of nuclear devices and the controlled release of energy by 
nuclear-power generating plants (Table 1.1.1). For example, discharge ranging from 131 
to 1340 Bq Kg-1 of Caesium-137 (137Cs) was recorded in Ravenglass mussels 
(McDonald et al., 1993). Other sources of radiation include spent-fuel reprocessing 
plants such as that located in Cumbria (Gray et al., 1995), by-products of mining 
operations (Ahmed, 1981), and experimental research laboratories. In the case of the 
latter, 14C, 18F and 3H at levels of 870, 353 and 2285 GBq were reported during 2007 in 
England and Wales (Radioactivity In Food and the Environment ‘RIFE’14, 2008). 
Other sources include hospital discharges such as 3H, 14C, 18F, 35S, 131I and 137Cs 
gaseous radioactive (RIFE14, 2008). 
 
1.1.2. Caesium-137 (137Cs) 
Under normal operation of nuclear power reactors, 137Cs is one of the principal 
radionuclides present in coolant water of light-water-cooled reactors and it is one of the 
primary concerns in the environmental studies. 137Cs as a fission product is of 
ecological concern, it has a high yield from nuclear fission and is one of the major dose-
contributing radionuclides in the environment (National Council on Radiation 
Protection and Measurements ‘NCRPM’154, 2006). For example, Sellafield discharges 
led to estimate dose levels for public health in 2008 of 0.23 mSv of radiation mostly due 
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to the accumulation of 137Cs (RIFE14, 2008). Individual exposure levels varied 
according to certain lifestyle habits. Those who consumed shellfish and fish received 
the highest dose, estimated at 0.6 mSv, (RIFE14, 2008). The levels reported are within 
the 1 mSv per year considered a safe level for public health exposure (RIFE14, 2008). 
Interestingly, all the data reported concerning sources of public radiation exposure, 
including Sellafield, Dounreay, Winfrith, Berkeley, Oldbury, Harwell, Bradwell, 
Chapelcross, Dungeness, Hinkley Point, Hunterston, Sizewell, Torness, Trawsfynydd, 
Wylfa, Aldermaston, Devonport, Faslane, Rosyth, Amersham, Cardiff, and Whitehaven 
ALL cite consumption of contaminated fish and shellfish as the primary source 
(RIFE14, 2008). Sellafield has released 3.7 X 1014 to 5.6 X 1015 Bq of 137Cs to the Irish 
Sea annually (Eisenbud, 1987). Varying amounts of 137Cs were released into the 
environment during nuclear weapon testing and a number of nuclear accidents such as 
Windscale in England, Kyshym in Russia and most notably the Chernobyl disaster in 
Ukraine (Eisenbud, 1987; Leonard et al., 1990). In the UK instance, during October 
1957, one of the uranium-reactors was damaged by fire resulting in the release of fission 
products to the surrounding countryside and the Irish Sea. Radioactivity from the 
principal isotopes, including 137Cs, released during the fire was estimated at 6.5 to 7.7 X 
1014 Bq (Eisenbud, 1987). Also in May 1986, another estimated 8 X 1019 Bq of 
radioactivity, including 137Cs, was released from Chernobyl accident-destroyed reactor 
in Ukraine (Eisenbud, 1987). 137Cs was considered the most significant contaminant 
because of its high concentration in these fallouts. As of 2005, 137Cs is considered the 
principal source of radiation in the zone of alienation around the Chernobyl nuclear 
power plant (NCRPM154, 2006). Due to 137Cs mainly being a fission product, it did not 
occur in nature prior to extensive nuclear weapons testing. In biota, 137Cs will be 
distributed throughout the soft tissue of the body. It also binds very firmly to clay 
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particles in both soil and sediments. In an aquatic system, 137Cs will move from the 
water compartment to sediments, where it is available to detritivores and bottom 
feeders. 137Cs concentration factor for molluscs is typically around 100 and 10 
(International atomic Energy Agency ‘IAEA’, 1982; Peterson, 1983). To summarise, 
137Cs is of ecological concern in that it has a high yield from nuclear fission and is one 
of the major dose-contributing radionuclides in the environment. Other radionuclides 
are also have been released to the environment due to Chernobyl accident (IAEA, 
2006), recently Fukushima nuclear accident and they are considered harmful depending 
on their half lives and exposure period (Table 1.1.2.1). 
Table 1.1.2.1. Effects, usage, half lives and radioactive decay of selected isotopes 
produced in the environment.  
Isotope 
Type 
Decay 
mode 
Half lives Production and usage effect 
239Pu 
plutonium α emitter 24.110 yrs 
Used as nuclear fuel in 
nuclear reactors and in 
nuclear weapons. 
240,241,242Pu 
plutonium 
α and β 
emitters 
6563,14,373 
yrs 
nuclear fuel used in a 
thermal reactor, the design 
of all nuclear power plants. 
238Pu 
plutonium α emitter 87.8 yrs 
plutonium-producing 
reactors. 
decreased life 
spans, diseases of 
the respiratory 
tract, and cancer. 
Health issue with 
lungs and 
associated lymph 
nodes, liver, and 
bones. 
90Sr 
strontium β emitter 28.8 yrs 
Nuclear reactors and in 
nuclear fallout from nuclear 
tests  
Bone cancer or 
leukemia  
14C 
radiocarbon β emitter 
5,730 ± 40 
years 
Fossil fuels such as 
petroleum or coal 
Cell damage to 
cancer 
210Po 
polonium α emitter 138.376 dys Nuclear reactor Cancer deaths 
H3 
tritium β emitter 12.32 yrs Nuclear weapons 
health effects: 
cancer, genetic 
effects and effects 
on fetuses. 
238U 
235U 
uranium 
α emitter 4.47 billion yrs 704 million yrs 
Nuclear weapons and 
nuclear power plants 
Renal failure, 
brain damage, 
tumors and DNA 
damage. 
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60Co 
cobalt 
β and γ 
emitters 5.27 yrs 
As a tracer for cobalt in 
chemical reactions, 
sterilization of medical 
equipment, also as radiation 
source for medical 
radiotherapy, industrial 
radiography, leveling 
devices and thickness 
gauges, food irradiation and 
blood irradiation, and 
laboratory use. 
Cancer to death 
192Ir 
iridium 
β and γ 
emitters 73.83 dys 
Industrial radiography and 
radiotherapy 
Skin changes, 
osteonecrosis and 
osteomyelitis 
131I 
iodine 
β and γ 
emitters 8 dys 
production is from nuclear 
reactor  
medical and pharmaceutical 
Mutation and 
death in cell 
232Th 
Thorium α emitter 
14.05 billion 
yrs 
used as fuel in a nuclear 
reactor, and it is a fertile 
material, which allows it to 
be used to produce nuclear 
fuel in a breeder reactor. 
increased risk of 
cancers of the 
lung, pancreas, 
and blood, as 
lungs and other 
internal organs, 
exposure to 
thorium internally 
leads to increased 
risk of liver 
diseases. 
40K 
Potassium 
β 
emitters 
1.3 billion yrs 
biological half-
life 30 days 
Potassium-40 is the largest 
source of natural 
radioactivity in animals and 
humans. 
cell damage 
caused by the 
ionizing radiation, 
with the general 
potential for 
subsequent cancer 
induction. 
 
1.1.3. Evidence of radiation in the biota from the aquatic environment 
Pollution is an on-going problem in all ecosystems. Pollution is the “presence of a 
foreign substance—organic, inorganic, radiological, or biological—that tends to 
degrade the quality of the environment so as to create a health hazard” (Moore, 2002). 
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Public concern over the release of radiation into the environment greatly increased 
following the disclosure of possible harmful effects to the public from nuclear weapons 
testing, especially the accident (1979) at the Three Mile Island nuclear-power 
generating plant near Harrisburg, Pa. USA, and the 1986 explosion at Chernobyl. In the 
late 1980s, revelations of major pollution problems at U.S. nuclear weapons reactors 
raised concern again. The medical research field has thus identified IR as a source of 
pollution for humans. Here we are concerned with the potential impacts on the biota in 
the aquatic environment. Table 1.1.3.1. summarizes the knowledge regarding levels of 
IR in different biota.  
Table 1.1.3.1. Summary of IR levels reported and induced biological effects observed in marine 
and terrestrial organisms. 
IR source Organism Exposure 
regime Biological effects Reference 
Po-210 Perna perna 
155 Bq/kg wet 
weight,  
0.02 mGy/d 
No increase in 
micronuclei frequency 
nor DNA strand 
breakage 
Godoy et al., 
2008 
Ra-226 Hediste diversicolor 30-6600 Bq/kg 
Uptake confirmed, no 
effect on oxygen 
radical scavenging 
parameters 
Grung et al., 
2009 
137Cs  
& 
 tritiated 
water 
Ophryotrocha 
diadema 7.3 Gy/hr 
Decrease in number of 
larvae and eggs 
produced 
Knowles  
&  
Greenwood 
1997 
137Cs Neanthes 
arenaceodentata 
2 Gy 
 
4 Gy 
Increase in 
chromosomal 
aberrations 
Decrease in broodsize 
Anderson et al., 
1990 
137Cs N. 
arenaceodentata 
5-10 Gy 
 
0.5 Gy 
Decrease in broodsize 
Increase in embryo 
mortality 
Harrison  
&  
Anderson 1994a 
60Co N. 
arenaceodentata 
Chronic doses: 
0.19-17 
mGy/hr;  
total dose 
0.55-54 Gy 
Increase in embryo 
mortality at highest 
dose. Increased 
number and % of 
abnormal embryos 
Harrison  
& 
 Anderson 
1994b 
Tritiated 
water 
M. edulis 
embryos 
0.02-21.14 
mGy 
Dose dependent 
increase in sister 
chromatid exchange 
between 3.7-370 
kBq/ml  
Hagger et al., 
2005a 
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Increase in 
chromosomal 
aberrations at 3.7 
kBq/ml 
Tritiated 
water M. edulis 
12-485 
mGy/hr  
for 96 hrs 
Increase micronuclei 
frequency and DNA 
strand breakage 
Jha et al., 2005 
Am-241, 
Cm-244, 
Pu-238, 
Pu-239, 
Po-240, 
137Cs, 
K-40, 
French 
Coast  
Crassostrea 
gigas 
Field samples 
Highest 
values: 0.5 
Bq/kg dry 
weight 137Cs 
No significant 
difference in mRNA 
expression of selected 
stress response genes 
(heat shock proteins, 
metallothionein, 
superoxide dismutase)  
Farcy et al., 
2007 
60Co M. edulis 
0.9 Gy/hr  
 
2 Gy/hr 
Decrease of gill 
epithelial cell cilia beat 
frequency  
Stopped cilia beats 
Karpenko  
&  
Ivanovsky 1993 
Tritiated 
water M. edulis 
Dose rate at 
122 and 79 
mGy/hr for 7 
and 14 days 
bioaccumulation of 
tritium in foot, gills, 
digestive gland, 
mantle, adductor 
muscle and byssus, 
significant induction of 
micronuclei in the 
haemocytes of mussels 
Jaeschke et al., 
2011 
Gamma 
rays Crepis tectorum 0.02-20 mR/hr 
Chromosome 
aberrations in root cells 
Grinik  
&  
Shevchenko 
1992 
60Co 
Pissum sativum 
L.  
Pea seeds 
80-100 Gy 
Significant inhibition 
in growth factor, 
decreased plant height, 
water exchange and 
impacted enzyme 
activity 
Stoeva 2002 
Cicer arietinum 
(Kabuli 
chickpea) 
100-1000 Gy 
Increased germination 
time, decrease 
germination 
percentage, decreased 
shoot length of 
seedling and root 
length, higher 
peroxidase and 
protease activities and 
lipid peroxidation 
contents 
60Co 
Cicer arietinum 
(Desi chickpea) 400 Gy 
Increased peroxidase 
activity, decreased 
shoot length of 
seedling and root 
length, lowered lipid 
Hameed et al., 
2008 
 10
 
 
peroxidation contents, 
no effect on protein 
content and protease 
activity 
γ-
irradiation 
Human cultured 
cells 
0.5, 2 and 10 
Gy, analyzed 
at different 
time points 
Increased Rad51 and 
Rad50 nuclear focus 
formation 
Yuan et al., 
2003 
X-ray Human cell line 6 Gy Increase Rad51 protein 
expression 
Chinnaiyan et 
al., 2005 
γ-
irradiation Human cell line 
5 and 10 Gy, 
dose rate of 
1.06 Gy/min 
Higher doses of 
radiation induced 
elevated expression of 
Rad51 protein 
Taghizadeh et 
al., 2009 
γ-
irradiation Rat liver 8-25 Gy 
A significant induction 
of chemokines gene 
expression 
Malik et al., 
2010 
γ-
irradiation Plaice 
0.24 mGy/h 
for 197 days 
Significant reductions 
in testis due to 
decreased amounts of 
sperm 
Knowles 1999 
γ-
irradiation Rainbow trout 
1.87, 3.73 and 
9.03 mGy/h 
for 246 days 
after 
fertilization 
Significantly lower 
immune response Knowles 1992 
Tritiated 
water 
9.25-37 
MBq/ml 
137Cs rays 
Oryziaslatipes 
embryos 0.44-1.89 
Gy/day 
No reduction in 
hatching rate but 
reduction in survival of 
fry was detected in 
irradiated groups 
within 1 month after 
hatching and number 
of vertebrae decreased  
Hyodo-Taguchi 
&  
Etoh 1993 
 
1.1.3.1. Water and sediment IR levels  
There have been a number of studies that have quantified the levels of IR in water 
and sediments. Several studies reported radionuclide discharges, such as 137Cs, 60Co, 
14C, 90Sr, derived from nuclear plants into rivers (Hong et al., 1999; Gulliver et al., 
2004; Cook et al., 2004; RIFE14, 2008). A very high annual dose, in case of human, 
from both natural and artificial radionuclides was estimated to be 0.046 mSv in a source 
of drinking water from Silent Valley, Co Down compare to the mean annual dose 
(0.028 mSv) of drinking water consumption in the UK (RIFE12, 2006). Sediment-
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associated radionuclides are more likely to have impacts in near-shore waters either 
through direct contact with humans or through uptake by food organisms especially 
filter-feeding organisms. Among potential depositional sites are beaches, estuaries and 
their tidal flat areas and open continental shelves. Sediment samples from the Rivacre 
Brook contained very low but measurable concentrations of technetium-99; also of 
uranium, which was enhanced above natural levels close to the discharge point 
(RIFE12, 2006). The highest radioactivity concentration of 60Co, 90Sr, 95Zr, 106Ru, 134Cs, 
137Cs and 144Ce in sediments were 25, 330, <6.8, <66, <4.9, 1300 and <8.8 Bq kg-1 in 
Ravenglass, River Mite Estuary, Ravenglass, Ravenglass, Skippool Creek, River Mite 
Estuary and Ravenglass respectively (RIFE12, 2006). In Sellafield, an increase (0.13 
mSV) of gamma dose in intertidal sediments during 2008 was recorded compared to 
0.073 mSv during 2007, and this was reportedly due to the increase of gamma dose in 
the estuarine environment (RIFE14, 2008). Aquatic environments were also impacted 
by the Chernobyl atomic power plant accident in 1986. Exposure of such organisms 
may occur externally due to radiation present in water and sediment and the absorption 
of radionuclides onto the surface of biota, and internally as a consequence of absorption 
or ingestion.  
The IAEA (1976) reported that the annual doses received by marine and 
freshwater biota from natural sources of radiation are generally less than 5 mGy/year. 
Nevertheless, a range of γ-radiation doses of 0.5, 2.5 and 10 mGy/day was 
recommended as a ‘safe’ population dose depending on the type of species (UNSCEAR, 
1996; Environment Canada, 2000). For chronic exposures to radiation, a dose of 40 and 
400 µGy/h are reported to produce non-hramful effects on terrestrial and aquatic 
ecosystems (NCRPM109, 1991c; IAEA, 2003). At the observable effect level, a range 
of 9.6 to 24 mGy/day was reviewed as the lowest dose range that might produce adverse 
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effects on aquatic organisms (IAEA, 2003). However, many of freshwater environments 
that have been studied for radiation effects contain radionuclides at above-background-
concentrations. For the most part, these studies have shown the resilience of populations 
of freshwater biota to doses of less than 10 mGy/day (IAEA, 1976; NCRPM109, 1991c; 
IAEA, 1992). 
 
1.1.3.2. IR levels reported in aquatic plants 
Experimental field studies using 137Cs as an acute and chronic gamma radiation 
exposures have provided data on effects on natural communities of plants. Experiments 
have been conducted showing that radiation is mainly a problem when a plant is in the 
stage of seedling (Table 1.1.1). High doses of radiation can cause seeds to not sprout, 
grow slowly, lose fertility or develop genetic mutations that can change characteristics 
of the plant. Most laboratory research on radiation effects on plants has been performed 
with seeds and seedlings (Xiuzher, 1994; Stoeva et al., 2001; Stoeva, 2002; Hameed et 
al., 2008). In the most sensitive plant species, the effects of chronic irradiation were 
noted at dose rates of 1000 to 3000 mGy/hr. It was suggested that chronic dose rates of 
less than 400 mGy/hr (10 mGy/day) would have effects, although slight, in sensitive 
plants (United Nations Scientific Committee on the Effects of Atomic Radiation 
‘UNSCEAR’, 1996). They would be unlikely, however, to have significant deleterious 
effects in the wider range of plants present in natural plant communities (IAEA, 1992). 
The total internal dose rate was calculated for aquatic plants to be 1.40 rad/year 
(Blaylock and Witherspoon, 1975). Wood (1987) showed tissue damage, photopigment 
destruction, reduced growth and low survivorship of sub-canopy kelp sporophytes after 
exposure to radiation. Photosynthesis was inhibited in phytoplankton, benthic 
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macroalgae and seagrasses after UV-B irradiation (160 µE/m2/sec) over periods of 15-
30 mins (Larkum and Wood, 1993) and this inhibition is shutting down the 
photosynthesis, food producing, in the plants by affecting partial reactions of 
photosynthesis. Recent studies have indicated that radiation can deleteriously affect 
physiological processes and overall growth in a number of plant species (Tevini, 2000; 
Rathore et al., 2003; Prasad et al., 2004). In the study of Mishra and Agrawal (2006) a 
reduction in the photosynthetic pigments and catalase activity of spinach plant (Spinacia 
oleracea) resulted after UV-B radiation exposure.  
The use of large gamma sources, such as those used to show changes in plant 
communities, is a questionable method for demonstrating changes in animal populations 
and communities because many animals, such as invertebrates, are dependent on the 
presence of vegetation, which may be destroyed by the radiation. Moreover, radiation 
doses in the environment are difficult to estimate since this decreases with distance from 
the source (Krivolutzkii and Pokarzhevski, 1992).  
 
1.1.3.3. Levels and biological effects of IR in aquatic invertebrates 
Radiation-induced somatic and genetic effects have been observed in individual 
organisms following acute exposures in the laboratory (Table 1.1.3.1. for summary) 
(Templeton et al., 1971; IAEA, 1976; Woodhead, 1984; NCRPM11, 1991b; 
NCRPM109, 1991c). Around the Chernobyl zone, the soil worm Aporectodea 
caliginose, a diploid species, displayed genetic damage in its male germ cells 
(chromosome fragments in 20% of the cells), and the population size was smaller in the 
contaminated zone than in a reference area (Krivolutzki and Pokarzhevski, 1992). 
Sokolov et al. (1989) reported an increase in dominant lethal mutations in fruit flies 
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(Drosophila melanogaster) collected from an area with a radiation dose of 80.6 mR/hr 
compared with a reference area. A field experiment conducted by Cooley (1973) in the 
early 1970s examined the effects of chronic irradiation on the population of an aquatic 
snail, Physa heterostropha. White Oak Lake snails, receiving a dose of 6.5 mGy/day, 
were found to have a significantly lower number of egg capsules per snail than did snail 
from the control population (Cooley and Miller, 1971).  
In the field, studies have been conducted using animals confined to enclosures and 
irradiated with chronic doses. For example, populations of three worm species were 
studied in a lake at the Chernobyl zone and a higher frequency of chromosomal 
abberations were reported when compared to worms collected from a reference lake, 
and this was attributed  to the low dose rate of IR exposure (IAEA, 1976; Tsytsugina, 
1998; Copplestone et al., 2000). In the laboratory, several studies have been reported on 
the acute response of fishes and invertebrate species (White and Angelovic, 1966; 
Engel, 1973; Nakatsuchi and Egami, 1981; UNSCEAR, 1996). These report LD50 
values, the dose lethal to 50% of organisms within 30 or 60 days (Anderson and 
Harrison, 1986; Harrison and Anderson, 1994; UNSCEAR, 1996). Higher levels of 
radiation exposure, either acute or chronic, are necessary to show effects on populations 
of animals (Templeton et al., 1971; Turner, 1975; Whicker and Schultz, 1982; 
Woodhead, 1984; UNSCEAR, 1996) since lower doses may not bring about an 
observable effect.  
Aquatic environment have long been a cause for ecological concern since the 
impact within this system has, for many years, not displayed any obvious signs of 
intense distress, but as researchers have investigated various changes within isolated 
species, a detrimental pattern has begun to form (Borcherding, 2006). Mussels are a 
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type of bivalve mollusc (Fig. 1.1.3.3.1) that inhabits various aquatic ecosystems around 
the world. They are often found in intertidal areas, where they form large beds along the 
sea floor or colonies attached to underwater cliffs, rocks, or pillars. Mussels are filter 
feeders. They take in water through a siphon, force the water through their gills, where 
plankton is captured and digested, and then excrete the waste water through a separate 
siphon. 
 
Fig. 1.1.3.3.1. Blue mussels distributed around Ravenglass, Cumbria, showing the external 
characteristic of Sellafield M. edulis.  
Mussels possess several attributes that recommend them as a suitable indicator 
organism in environmental monitoring programmes. Due to their sessile nature, wide 
geographical distribution, large population and high filtering rates, mussels have long 
been regarded as promising bioindicators and biomonitoring subjects. They demonstrate 
high accumulation of pollutants, particularly heavy metals (Gardenfors et al., 1988; 
Hagger et al., 2005b) and radionuclides (Teliitchenko, 1969; McDonald et al., 1993; 
Valette-Silver and Lauenstein, 1995; Gaso et al., 1995; Alam et al., 1999; Yamada et 
al., 1999; Burger et al., 2007; The 
bault et al., 2008). They are commercially important 
seafood and the accumulation of radionuclides in their tissues is extremely important for 
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public health considerations. They are thus considered as an ideal model for use in 
environmental toxicology (Hart, 2003; Rittschof and McClellan-Green, 2005). 
Following the above mentioned mussels advantages, a series of biomonotiring 
studies from international programmes like “Mussel Watch” (Goldberg, 1975) to 
smaller scale but nevertheless as importants experiments (Leinio and Lehtonen, 2005) 
employed M. edulis populations to assess the health of the environment in which they 
thrive. 
Molluscs were collected from the Dnieper drainage area and throughout the Kiev 
administrative region following the Chernobyl nuclear accident (Frantsevich et al., 
1996). Radioactivity in shells and soft tissue were found to exceed pre-Chernobyl 
concentrations by factors as great as three orders of magnitude. The highest recorded 
concentrations were 4 to 5 MBq/kg in shells of Lymnaea sp. and Planorbarius sp.. 
Bivalve mollusc populations of Anodonta cygnea appear to be recovering and are 
actively growing following the radiation insult; however populations of Dreissena sp. 
continue to be decrease (Sokolov et al., 1993). Field studies on the effects of radiation 
on the marine environment are primarily limited to those that have been conducted in 
the North Irish Sea. However, pollution has produced noticeable damage to mussel 
populations through a variety of means. In some areas, chronic pollutant exposure has 
caused density and diversity reduction in the molluscs (Crowe et al., 2004). The exact 
nature of DNA damage caused has not yet previously been characterized. From the 
standpoint of survival of the population, reproduction is the most sensitive indicator of 
radiation. Chronic exposures of ≤10 mGy are very unlikely to produce measurable 
deleterious changes in populations or communities of aquatic animals (NCRPM112, 
1991a). However most radioactive wastes have half-lives of hundreds to thousands of 
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years. Surveys of the literature indicate a lack of data on chronic exposures in the 
environment, especially at the population and community level of organization 
(Whicker and Schultz, 1982; Woodhead, 1984; NCRPM11, 1991b). 
 
1.1.4. Effect of IR on DNA structure 
In the environemnt organisms are exposed to multiple stressors and it is difficult 
to interpret the biological endpoints caused by which pollutants. Using molecular 
approaches and studying the impact on DNA is one way to determine cause-effect 
relationships. Depending on total dose, dose rate, type of radiation, and exposure period, 
radiation can lead to no observable health effects, genetic changes, physiological 
changes such as effects on the hemopoietic and reproductive systems, effects on growth 
and development, or life shortening, including cancer or death (IAEA, 1976; 
UNSCEAR, 1994; 2006). However, even when effects are not observable, there is a 
possibility of increased risk of cancer or life shortening. In the laboratory, where most 
studies have focused on response to acute doses, total dose and dose rates can be closely 
estimated. The aim of this work is to exploit molecular techniques and changes in the 
nucleic acids (mRNA expression and DNA damage) to investigate the impact of low 
doses of radiation in organisms otherwise showing no observable damage. 
The environmental effects of exposure to high-level IR have been extensively 
documented through postwar studies on individuals who were exposed to nuclear 
radiation in Japan. Some forms of cancer show up immediately, but latent illnesses of 
radiation exposure have been recorded from 10 to 30 years after exposure (Dobyns and 
Hyrmer, 1992; Cetta et al., 1997). The effects of exposure to low-level radiation are not 
yet known. A major concern about this type of exposure is the potential for genetic 
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damage. Over a 3-year period, recovery of the exposed populations (workers and 
inhabitants) to Chernobyl accident took place, either by immigration of animals into the 
area or by a decrease in mortality and lethal genetic effects with time. Many of the 
studies address accumulation of genetic changes in the resident populations, the 
consequence of which are presently unknown (Templeton et al., 1971; Krivolutzki and 
Pokarzhevski, 1992; Zainullin et al., 1992; Sokolov et al., 1993). There are many other 
radiation biological effects that can cause genomic instability by increasing cell 
mutations and their offspring mutations or minisatellite mutations meaning inherited 
germline DNA changes (Ellegren et al., 1997; Kovalchuk et al., 2000; Kovalchuk et al., 
2003; Dubrova et al., 2002; Committee Examining Radiation Risks of Internal Emitters 
‘CERRIE’, 2004) and bystander effects which referred to cells next to irradiated cells 
that could also be damaged (Watson et al., 2000; Xue et al., 2002). All of these events 
confirmed the influence of radiation at the genetic level, however more advanced 
research or techniques are recommended.  
The sensitivity of molecular techniques allows investigators to document 
molecular damage in many organisms. IR induces focus formation of DNA repair 
proteins as a marker of DNA damage and as well as cell cycle checkpoint mechanisms. 
Molecular damage generally illustrate a sub-lethal endpoint that may present an early 
warning of potential pollutant’s influence, but the consequences of molecular damage to 
higher levels of biological organization have not been well documented due to the need 
of distinguishing between radiation biology and radiation ecology (Clements and 
Kiffney, 1994; Underwood and Peterson, 1988; Forbes and Calow, 1996). 
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1.2. DNA repair pathways: general and specific to radiation sources 
A large number of studies suggests that double-strand breaks (DSBs) induced in 
DNA by IR are critical lesions, which lack of repair or inaccurate repair can lead to cell 
death, or cause its transformation to a cancer cell (Khanna and Jackson, 2001; Thacker, 
2005). Moreover, low-level IR as 0.5 Gy may induce irreparable lesions in cells (for 
example, retinal rat cells) which can lead to cell death (Borges et al., 2008). At several 
cell-cycle checkpoints, the cycle stops if damaged DNA is detected. After DNA 
damage, cell cycle checkpoints signaling is activated. Checkpoint activation pauses the 
cell cycle and gives the cell time to repair the damage before continuing to divide. DNA 
damage checkpoints occur at the G1/S and G2/M boundaries.  
Checkpoint activation is controlled by two master kinases, Ataxia telangiectasia 
mutated (ATM) and ataxia telangiectasia and Rad3-related protein (ATR) also known as 
Serine/threonine-protein kinase. ATM responds to DNA double-strand breaks and 
disruptions in chromatin structure (Bakkenist and Kastan, 2003), whereas ATR 
primarily responds to stalled replication forks. These kinases phosphorylate downstream 
targets in a signal transduction cascade, eventually leading to cell cycle arrest. Cells 
have developed efficient repair mechanisms to remove DSBs and restore integrity of the 
DNA. DNA repair mechanisms and cellular recovery processes serve to reduce 
radiation damage. Characterization of these processes is crucial for a complete 
understanding of the consequences of exposure to radiation, inducing DSBs.  
The rate of DNA repair is dependent on many factors, including the cell type, the 
age of the cell, and the extracellular environment. DNA damage accumulation in the 
cell or error repair action can lead the cell to enter one of three possible states: 1) an 
irreversible state of dormancy or ‘senescence’ (Aguirre-Ghiso, 2007), 2) apoptosis or 
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programmed cell death (Fu et al., 2006; Branzei and Foiani, 2008) or 3) tumor 
formation due to unorganised cell division (Branzei and Foiani, 2008). The DNA repair 
mechanism in the cell is critical to maintain the integrity of the cell genome and to 
preserve normal functioning in the organism. Many genes, such as insulin and insulin-
like growth factor, involved in DNA damage repair and protection were having 
influence on the life span of the organisms (Browner et al., 2004). Mutations 
introduction in the genomes of the offspring and its consequences influence on the rate 
of evolution are related to the presence of molecular lesions in the gametes cells (Lynch 
et al., 1995; Lande, 1998; Jha, 2004; CERRIE, 2004).  
There are a number of DNA damage repair pathways and these are dependent on 
the type of damage or source of damaging agent. DSBs is the precept cytotoxic lesions 
caused by IR, however single strand breaks (SSBs) can also be produced by IR. SSBs 
are formed on one strand of the DNA and repaired by excision repair mechanisms 
(Caldecott, 2008). On the other hand, DSBs are produced on the two strands of DNA 
and can be efficiently repaired by homologous recombination (HR) or non-homologous 
end joining (NHEJ) (Baumann and West, 1998; Sherr, 2004). The mechanisms that 
regulate these repair pathways throughout the cell cycle vary widely between species 
(Shrivastav et al., 2008).  
 
1.2.1. Homologous recombination (HR) 
HR is a type of genetic recombination in which nucleotide sequences are 
exchanged between two similar or identical molecules of DNA. It is most widely used 
by cells, which divide by mitosis, to accurately repair DSBs in DNA caused by IR 
(Griffiths et al., 1999; Lodish et al., 2000). HR appears to be the preferred mechanism 
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by which DSBs are repaired in lower eukaryotes, such as yeast (Orr-Weaver et al., 
1981; Orr-Weaver et al., 1983; Orr-Weaver and Szostak, 1983). HR repairs DNA before 
the cell enters mitosis (M phase). It occurs during and shortly after DNA replication in 
the S and G2 phases of the cell cycle (Alberts et al., 2008). Two models for how HR 
repairs DSBs in DNA are the double holliday junction model (DHJ) and the synthesis-
dependent strand-annealing model (SDSA) (Fig. 1.2.1.1) (Sung and Klein, 2006). After 
a double-strand break occurs, in humans, a protein complex consisting of Mre11, Rad50 
and Nbs1 (MRX) bind to DNA on either side of the break (Daboussi et al., 2002). Next 
a resection is carried out in two distinct steps mainly is trimming the 5’ ends on either 
side of the break to create short 3’ overhangs of single-strand DNA then is resection 
continued by small growth suppressor (Sgs1) and nuclease activity which allows cutting 
of the single-stranded DNA (Mimitou and Symington, 2009). With the help of several 
proteins, including Rad51 and Dmc1, binding of the 3’ overhang strand is mediated and 
consequently nucleoprotein filament start to form. A strand invasion occurs when the 
filament finds the similar sequence to the 3’ overhang and provides a template, which is 
identical to the damaged DNA for repair. However, in meiosis, it starts to provide a 
similar and not identical chromosome (Sung and Klein, 2006). A displacement loop (D-
loop) is formed during strand invasion between the invading 3' overhang strand and the 
homologous chromosome. After strand invasion, a DNA polymerase extends the end of 
the invading 3' strand by synthesizing new DNA. This changes the D-loop to a cross-
shaped structure known as a Holliday junction. Following this, more DNA synthesis 
occurs on the invading strand (i.e., one of the original 3' overhangs), effectively 
restoring the strand on the homologous chromosome that was displaced during strand 
invasion (Thacker, 2005; Sung and Klein, 2006). After the stages of resection, strand 
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invasion and DNA synthesis, the DSB and SDSA pathways become distinct (Sung and 
Klein, 2006) (Fig. 1.2.1.1). 
Fig. 1.2.1.1. Mechanisms of homologous recombination DNA repair. 
Briefly, DSB pathway is unique in that the second 3' overhang (which was not 
involved in strand invasion) forms a Holliday junction with the homologous 
chromosome. The double Holliday junctions are then converted into recombination 
products and results in crossover, though it can sometimes result in non-crossover 
products (McMahill et al., 2007). The DSB pathway is a likely model of how HR occurs 
during meiosis while SDSA pathway occurs in cells that divide through mitosis and 
results in non-crossover products. In this model, the invading 3' strand is extended along 
the recipient DNA duplex by a DNA polymerase, and is released as the Holliday 
junction between the donor and recipient DNA molecules slides. The newly synthesized 
3' end of the invading strand is then able to anneal to the other 3' overhang in the 
      adapted from Nature Reviews 2006 
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damaged chromosome through complementary base pairing. After the strands anneal 
the SDSA pathway finishes with the resealing, also known as ligation, of any remaining 
single-stranded gaps (Helleday et al., 2007). 
In the pathway of HR, in which RAD51, RAD52, and RAD54 appear to be the 
most essential genes in S. cerevisiae for repairing radiation-induced DSBs, human and 
mouse homologs were readily isolated by preparing primers based on the most 
conserved regions of these proteins. In eukaryotes, RAD51 is the protein that carries out 
DSB repair by HR. 
 
1.2.2. Non homologous end joining (NHEJ) 
NHEJ is a DNA repair mechanism, which unlike HR does not require a long 
homologous sequence to guide repair. It is referred as "non-homologous" because the 
break ends are directly ligated without the need for a homologous template. NHEJ is 
evolutionarily conserved throughout all kingdoms of life and is the predominant DSBs 
repair pathway in mammalian cells (Guirouilh-Barbat et al., 2004). NHEJ is 
predominant in the G1 phase of the cell cycle, when the cell is growing but not yet ready 
to divide. It occurs less frequently after the G1 phase, but maintains at least some 
activity throughout the cell cycle. NHEJ typically utilizes short homologous DNA 
sequences called microhomologies to guide repair. These microhomologies are often 
present in single-stranded overhangs on the ends of DSBs. When the overhangs are 
perfectly compatible, NHEJ usually repairs the break accurately (Wilson and Lieber, 
1999; Budman and Chu, 2005).  
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1.2.3. Nucleotide Excision Repair (NER) and Base Excision Repair (BER) 
NER and BER are important DNA repair mechanisms activated in response of 
DNA damage caused by several damaging agents including IR (Seeberg et al., 1995; 
Kuipers et al., 2000). In the case of NER, the severe human diseases is resulted from in-
born genetic mutations of NER proteins including Xeroderma pigmentosum and 
Cockayne’s syndrome evidence the importance of this repair mechanism (Friedberg, 
2001; McKinnon, 2009). The NER enzymes recognize bulky distortions in the shape of 
the DNA double helix. Recognition of these distortions leads to the removal of a short 
single-stranded DNA segment that includes the lesion, creating a single-strand gap in 
the DNA, which is subsequently filled in by DNA polymerase, which uses the 
undamaged strand as a template (Sancar, 1996). BER, on the other hand, is a repair 
system that responds to oxidative DNA damage caused by IR (Seeberg et al., 1995; 
Chaudhry, 2007). BER mainly function on removing damaged bases that might cause 
lesions in later stages of DNA replication. The mechanism of BER results short and 
long patch of DNA strand depending on several factor such as the cell cycle stage 
(Fortini and Dogliotti, 2007). 
 
1.3. Biomarkers of radiation-induced damage utilized in the medical research field 
Approches to estimate or determine the impact of IR can be categorised to 
physical, biological and clinical dosimetry. Clinical dosimetry refered to nausea, 
vomiting, blood cell counts, skin reaction and physical dosimetry is refered to dose and 
other personal dosimetres while biological dosimtery, the interest of this study, is 
refered to cytogenitic approches such as chromosome abberations (Cabs), fluorescence 
in situ hybridization (Fish) and micronucleus assay (MN). In the medical field more 
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DNA damage biomarkers such as DNA mutations, H2AX phosphoryaltion, comet 
assay, protein levels and gene expressions are used to estimate the impact of IR. 
However, DNA repair mechanisms and cellular recovery processes serve to reduce 
radiation damage. Recent technology has made it relatively easy to measure cellular and 
molecular abnormalities based on such damage and processes. Here we introduce the 
Comet assay and micronucleus assay as general assays to determine DNA damage. 
 
1.3.1. Comet Assay 
The single cell gel electrophoresis assay, which is also known as comet assay is 
an common and sensitive technique for the detection of DNA damage at the level of the 
individual eukaryotic cell (McKelvey-Martin et al, 1993; Wilson et al., 1998; Rank and 
Jensen, 2003; Jha, 2008; Frenzilli et al., 2009). The resulting image of the comet assay 
that obtained resembles a "comet" with a distinct head and tail. The head is composed of 
intact DNA, while the tail consists of damaged (single-strand or DSBs) or broken pieces 
of DNA. It has since gained in popularity as a standard technique for evaluation of 
DNA damage/repair (Muller et al., 1996; Kumaravel and Jha, 2006; Jha, 2008), 
biomonitoring (Kassie et al., 2000; Moller, 2006) and genotoxicity testing (Moller, 
2005). In the study of Muller et al. (1994) investigating comet assay in DNA damage 
and repair on tumour cells after radiation (0.1-10 Gy), they found that the comet tail 
lengths decreased in the course of time, indicating repair of DNA damage. Also Aka et 
al. (2004) found an induction of DNA damage in workers exposed to low dose IR using 
the Comet assay. Garaj-Vrhovac and Zeljezic (2004) estimated the possibility of 
applying comet assay in the evaluation of DNA damage caused by different gamma 
radiation doses (0.5, 4 & 10 Gy of 60Co) in human lymphocytes, they found increase in 
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the tail and the tail moment as the dose increased.  
IR can generate free radicals that cause DNA oxidative damage, radiolysis of 
body water which is considered as an indirect radiation effect. Vanloon et al. (1993) 
studied induction and repair of DNA SSBs at different stages of hamster spermatogensis 
treated with IR, and slow repair of base damage in irradiated cells was observed which 
may influence character of spermatogensis. Moreover, Collins et al. (1995) applied 
comet assay, on human lymphocytes irradiated with UV-C at a dose rate 4 J/m2, to 
detect strand breaks and reported presence of comets with clear tails.   
 
1.3.2. H2AX phosphorylation 
DSBs trigger a complex set of responses including cell cycle arrest, relocalization 
of DNA repair factors and in some cases apoptosis (Morrison et al., 2000). Failure to 
arrest cellular functions can lead to genomic instability (Thacker, 2005). H2AX is one of 
several genes coding for histone H2A. In humans and other eukaryotes, the DNA is 
wrapped around histone-groups, consisting of core histones H2A, H2B, H3 and H4. 
Thus, the H2AX contributes to the histone-formation and therefore the structure of 
chromatin (Izzo et al., 2008). Phosphorylation of the histone H2AX is one of the first 
cellular responses to DNA DSBs (Medvedeva et al., 2007). H2AX becomes 
phosphorylated on serine 139, and then called gamma-H2AX, as a reaction to DNA 
DSBs (Rogakou et al., 2000). The kinases ATR and DNA-protein kinases (PKcs) are 
responsible for this phosphorylation, especially ATM (Zakian, 1995; Hoekstra, 1997; 
Smith and Jackson, 1999; Paull et al., 2000; Bonner et al., 2008) (Fig. 1.3.2.1). The 
modification can happen accidentally during replication fork collapse or in the response 
to IR but also during controlled physiological processes such as V(D)J recombination. 
Gamma-H2AX is a sensitive target for looking at DSBs in cells. The role of the 
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phosphorylated form of the histone in DNA repair is under discussion but it is known as 
a first step in the organization of DNA repair. Phosphrylation is the first step in a cell 
signalling cascade that brings about large number of proteins involved in the repair 
mechanism including Rad51 and Rad50, DNA repair proteins, and Chk1, cell cycle 
check point, which are coming to be interest of this study.  
 
Fig. 1.3.2.1. Mechanism of H2AX phosphorylation, highlighting the role of other protein 
kinases (adapted from Bonner et al., 2008).    
 
1.3.3. Rad51 phosphorylation 
Several proteins known to be involved in DNA repair, Rad51 is a repair protein 
that assists in the DNA DSBs. Rad51 protein is highly conserved in most eukaryotes, 
from yeast to humans (Tashiro et al., 2000). Rad51 plays a major role in HR of DNA 
during DSB repair. In this process, an ATP dependent DNA strand exchange takes place 
in which a template strand invades base-paired strands of homologous DNA molecules. 
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Rad51 is involved in the search for homology and strand pairing stages of the process 
(Thacker, 2005). Unlike other proteins involved in DNA metabolism, the RecA/Rad51 
family forms a helical nucleoprotein filament on DNA (Galkin et al., 2006). The 
structural basis for Rad51 filament formation and its functional mechanism still remain 
poorly understood. However, recent studies using fluorescent labeled Rad51 (Hilario et 
al., 2009) has indicated that Rad51 fragments elongate via multiple nucleation events. 
Rad51 is recruited to DNA repair foci performing a vital role in correcting HR. Haaf et 
al. (1995) reported that the number of Rad51 foci in fibroblasts subjected to radiation 
increased, suggesting a role of Rad51 in DNA damage repair and also a potential 
indicator of such damage.  
 
1.3.4. Chromosomal abberations  
Chromosomal abberation is referred to any disruptions or changes in the normal 
chromosomal content of a cell due to exposure to DNA damaging agent. Several studies 
determine chromosome abberations following exposure to radiation experimentally or 
environmentally and reported significant results of chromosome disruption (Brooks et 
al., 1993; Livingtson et al., 2006). The frequency of chromosome aberrations increases 
with radiation dose to the cells and serves as an indicator of radiation dose received 
(UNSCEAR, 1969).  
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1.4. Biomarkers of radiation-induced damage utilized in the environmental 
toxicology research field 
1.4.1. Comet assay 
Environmental exposure to radiation has also been evaluated. The comet assay is 
an extremely sensitive DNA damage assay that has been used with many freshwater, 
marine species (Jha et al., 2005; Jha et al., 2006; Frenzilli et al., 2009) and mammals 
(Miyamae et al., 1998). The Comet assay has already been applied successfully to seeds 
of several species: different species of beans (Khan et al., 2002a), species (Khan et al., 
2002b), kiwi fruit (Jo and Kown, 2006). In the study of Gichner et al. (2000) and Ptacek 
et al. (2001) investigating gamma irradiation effects on tobacco seedlings, a complete 
repair of DNA-damage measurable by the Comet assay was observed 24 h after 
treatment, whereas the yield of somatic mutations manifested in the newly formed 
leaves increased with the increased dose of irradiation. Other studies assessing the 
effects of the Chernobyl radiation accident found increased levels of DNA damage and 
impaired repair capacity (using comet assay) in different types of cells, such as blood 
cells and thyroid cells, (Plappert et al., 1997; Frenzilli et al., 1998; Hellman et al., 1999; 
Aroutiounian, 2006). Saghirzadeh et al. (2008) reported a positive strong significant 
correlation of the DNA damage in nuclei of the root cells of A. cepa seeds germinated in 
the soil of high background radiation areas with Ra-226 specific activity of the soil 
samples, also the results showed high genotoxicity of radioactively contaminated soils 
in the Ramsar area of Iran. In aquatic plants, Jiang et al. (2007) indicated general 
development of the tail in the comet assay image with time of UV irradiation (1, 3, 5 
and 7 days of exposure) in Spirodela polyrhiza. Sastre et al. (2001) found that damage 
induced by UV radiation as detected by the comet assay is increasing along with 
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exposure time (3, 6, 9 and 12 hrs) in Rhodomonas sp. In the study of Dietrich et al. 
(2005) on measuring the effects of UV irradiation on DNA sperm fragmentation, 
motility and fertilizing ability of Oncorhynchus mykiss spermatozoa, a significant 
increases in DNA strand breaks after UV irradiation for 5 min and clear decrease in the 
percentage of eyed embryos were reported.  
 
1.4.2. Micronucleus assay (MN) 
The micronucleus assay is recognized as one of the most successful and reliable 
assays for genotoxic carcinogens causing genetic damage. Direct exposure to radiation 
induces an increase in micronucleus formation (Zhu et al., 2005; Zielinska et al., 2007). 
A micronucleus is formed during the metaphase/anaphase transition of mitosis.  
 
1.5. Summary 
IR pollution has occurred in aquatic environments worldwide and there is 
sufficient evidence to conclude that radiation-mediated effects have occurred in many 
species. IR-inducing biological effects have been observed in many organisms 
following exposures. Low level of radiation can led to no observable effects, however 
there is a possibility of physiological changes, genetic changes and might lead to 
increase risk of cancer.  
Bivalve molluscs considered as an ideal model for use in environmental 
toxicology due to the sessile nature, high filtering rate, wide geographical distribution 
and large population. They demonstrate high accumulation of pollutants, particularly 
radionuclides (Frantsevich et al., 1996). Mussels have long been regarded as promising 
bioindicators and biomonitoring subjects.  
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At the subcellular level, there have been a number of reported effects of 
proliferative radiation-induced lesions that appear to be specific to IR. Phosphorylation 
of H2AX after exposure to IR is considered as an early indicator for DNA DSBs and 
produces foci, which are detectable by immunofluorescence microscopy. The 
phosphorylated histone H2AX cooperates in repairing the genetic damage. In the DNA 
damage repair pathways, Rad51 is observed in these foci formations and in line with 
gamma-H2AX. IR induces focus formation of DNA repair proteins as a marker of DNA 
damage and as well as checkpoint mechanisms. Rad51 and Chk1 are thus essential 
proteins in sensing and repairing DNA damage. To date, DNA damage and repair 
pathways are evaluated by comet assay and detecting foci using the 
immunofluorescence assay. The development of new technologies such as quantitative 
polymerase chain reaction (QPCR) can potentially provide a direct cause-effect 
biomarker of IR exposure-induced DNA damage by utilizing components involved in 
the initiation of DNA repair pathways.     
In the light of above information the hypothesis to be proved in this study are: 
(1)  H2AX could be used as a potential molecular marker for IR induces effects in 
mussels. 
(2) Rad51 as a promising molecular biomaker for IR inducing DNA damage and 
involvement in DNA repair pathway of M. edulis.  
(3) Chk1 role in IR DNA damage induced and DNA repair pathway of M. edulis. 
 
1.6. Aims  
The overall aim of this work was to assess IR induced biological effects in 
mussels at the molecular level of organisation by utilising the DNA damage and repair 
pathway and quantifying specific gene expression analysis as a biomarker of such 
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damage. For this purpose, mussels, M. edulis, were experimentally-exposed to an IR 
source (different doses) and the following studies performed: 
• Isolation and characterization of a fragment of an mRNA involved in the DNA 
damage (H2AX).   
• Isolation and characterization of a fragment of an mRNA involved in the DNA 
repair pathways (Rad51). 
• Isolation and characterization of a fragment of an mRNA involved in the cell 
cycle checkpoint (Chk1). 
• Sequence of events of foci formation sensing DNA damage and repair by comet 
assay. 
• Validation and development of a quantitative assay to measure the expression of 
the isolated mRNA transcripts. 
• Application of the mRNA expression assays experimentally and 
environmentally IR-exposed to samples. 
 
This project therefore aims initially to identify members of the IR response in 
mussel including H2AX, Rad51 and Chk1. Establishing mechanisms of action of 
potential IR can then be used in the future to estimate the nature and the dose of 
radiation and for predictive risk assessment of environmental pollution. Moreover, the 
results obtained will also contribute to our existing knowledge on the DNA damage and 
repair pathways in an invertebrate species. The future aim is to produce a specific 
molecular biomarker of IR exposure and detrimental biological effect for use in mussel 
that has been anchored to traditional methods of assessing DNA damage (such as comet 
assay) and that can be adopted by regulatory authorities to monitor the possible impacts 
of such contamination sources in the aquatic environment.   
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It is well known that exposure to chemical and physical pollutants may lead to 
various negative responses in ecosystems, at different levels or organisation. As a result, 
several regulatory authorities are continuously monitoring the levels of selected 
pollutants, as well as their biological effects to provide information on possible hazards. 
In terms of ionising radiation, there are various regulatory bodies such as International 
Commission for Radiation Protection (ICRP), the National Commission for Radiation 
Protection (NCRP) in America, the Atomic Energy Regulatory Board (AERB) in India, 
UNSCEAR and IAEA. Their aim is to present norms of protection against radiation and 
dose limits for radiation workers and for the general public. For example, ICRP helps to 
prevent cancer and other biological effects due to IR exposure by understanding the 
science of radiation exposure. Also NCRP aim to prevent the occurrence of serious 
radiation induced acute or chronic effects. Moreover, UNSCEAR (2000) now reports 
the biological impacts, at the cellular and molecular level, of low doses of radiation, and 
in doing so, concluding that DNA is the main target for radiation induced cancer.   
In Europe, the Oslo and Paris Convention (OSPAR) is also one of the authorities 
that works on providing a comprehensive and simplified approach to address all sources 
of pollution, such as nuclear energy, oil and gas extraction, and understand their impacts 
in the marine environment. They achieved, through their 35 years record, ‘a reduction of 
discharges from nuclear plants and better ecological quality for a healthy North Sea’ 
(OSPAR, 2009; 2010). The Department for Environment Food and Rural Affairs 
(Defra) coordinates with OSPAR in controlling the pollution and protecting the 
environment. In general, these regulatory bodies support the main role of maintaining a 
healthy environment through searching, monitoring and reducing the adverse effects of 
several pollutants including IR.     
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Chapter 2 
 Isolation and Characterization of M.edulis H2AX mRNA and protein  
 
2.1. INTRODUCTION 
Histones are large, alkaline proteins (amino acids) that are considered as among 
the most important elements of chromatin. Chromatin is the compound that facilitates 
the compacting form of DNA in the nucleus that makes up chromosomes. Focusing on 
one of the major and core histones, the DNA that wraps the nucleosome around two 
copies each of histone proteins, is the H2AX.  Histone H2AX is characterized by having 
a long terminal tail on one end of the amino acid structure. This feature gives its main 
difference from H2A. 
There have been a number of reported effects of radiation-induced lesions that 
appeared to be specific to IR (Dianov et al., 2001; Ward, 2002; Dutta et al., 2005). 
Phosphorylation of H2AX after exposure to IR is considered as an early indicator for 
DSBs and produces foci, which are detectable by immunofluorescence microscopy 
(Medvedeva et al., 2007). Once the DNA is damaged and its physiology is disturbed in 
normal cells, the p53 protein or TP53 is activated and can start a cell cycle arrest.  The 
tail of H2AX, also known as the carboxyl terminus, rapidly becomes labelled with 
phosphate groups that generate species called gamma-H2AX (Bonner et al., 2008). 
Although it is unclear exactly what gamma-H2AX does following DNA damage, 
microscopy studies have shown that it is generated in the chromatin flanking a DNA 
DSB, and that mammalian repair and signaling proteins are recruited to these sites in 
large numbers. These visible protein accumulations, which can span millions of bases of 
DNA, are known as "foci". Gamma-H2AX is not required for the initial recruitment of 
repair factors, but is needed for later foci formation (Celeste et al., 2003). Recently it 
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was reported that the phosphorylated histone H2AX cooperates in repairing the genetic 
damage (Bonner et al., 2008) preserving the stability of the cells and preventing the 
development of tumours.  
The Western blot (alternatively, protein immunoblot) is an extremely useful 
analytical technique that has been used to detect H2AX in a given sample of tissue 
homogenate or extract (Meng et al., 2005; Hanasoge and Ljungman, 2007; Koike et al., 
2008). The technique uses gel electrophoresis to separate native or denatured proteins 
by the length of the polypeptide. The proteins are then transferred to a nitrocellulose 
membrane, where they are detected using antibodies specific to the target protein 
(Towbin et al., 1979; Renart et al., 1979). The gonads tissue of M. edulis is the organ of 
choice because of several advantages: active cell division throghout the year, simplicity 
of tissue identification, isolation and RNA extraction and well know morphology. This 
chapter presents the isolation, and characterization of H2AX mRNA and protein in 
mussel, M. edulis. 
 
2.2. MATERIAL AND METHODS 
2.2.1. Animals 
Mussels (M. edulis) were collected on October 2007 by hand from Brighton, East 
Sussex, stored on ice and brought directly to the laboratory. The gonads of mature 
samples were removed and kept in RNAlater (Qiagen Ltd., Crawley, U.K.) at -70°C 
until further processing.  
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2.2.2. Total RNA isolation and purification from mussel gonadal tissue 
Total RNA was extracted from the tissue using Qiagen RNeasy (Qiagen Ltd.) 
reagents. Approximately 30 mg tissue was first disrupted using an Ika Ultra Turrax T8 
homogeniser in 600 µl homogenisation buffer (containing guanidine isothiocyanate and 
1% βmercaptoethanol) and left for 2-3 min to digest the tissue. The sample was spun 3 
min at 10,000 x g and the supernatant transferred into a clean tube. 600 µl of ethanol 
70% was added to provide appropriate binding conditions and the sample was then 
applied to RNeasy spin column, a silica-gel based column, spun 15 sec at 8000 x g and 
the flow-through discarded. To avoid genomic DNA contamination a DNA digestion 
step was performed by adding 80 µl DNase I and the reaction was incubated at room 
temperature for 15 min. The column was washed several times with ethanol-based 
buffers to eliminate contaminants and the flow-through discarded. The column was 
transferred into a clean tube and eluted by centrifugation for 30 sec at 8000 x g with 30 
µl nuclease-free water after a 1 min incubation period at room temperature. The 
procedure was repeated once more with the same 30 µl RNase free water. The sample 
was stored at -20°C until further processing. 
 
2.2.3. First strand synthesis of cDNA  
The SuperScript First-Strand Synthesis System from Invitrogen (Invitrogen 
Life Technologies) was used to synthesize first-strand cDNA from total RNA. Up to 2.5 
µg total RNA was mixed with 1 µl dNTPs (10 mM), 0.5 µg oligo (dT)12-18 and water to 
10 µl. The sample was incubated for 5 min at 65°C and then placed on ice for at least 1 
min. 4 µl 5x concentrated RT buffer (200 mM Tris-HCl pH 8.4, 500 mM KCl), 2 µl 
DTT  (Dithiothreitol) 0.1 mM and 1 µl Rnase OUT  (40 units/µl) were added to the rest 
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of the RNA/primer mixture, mixed gently and incubated 2 min at 42°C. 1 µl (50 
units/µl) of Super Script II reverse transcriptase was added to the reaction, mixed and 
incubated at 42°C for 50 min. The reaction was terminated at 70°C for 15 min and 
placed on ice. The final volume of the reaction was 20 µl. In order to increase the 
sensitivity of PCR from cDNA, the RNA template from the cDNA:RNA hybrid was 
removed by digestion with 1 µl RNase H (2 units) for 20 min at 37°C. The sample was 
stored at -20°C. 
 
2.2.4. Oligonucleotide primer design 
The oligonucleotide primers used were designed using aligned fragments of the 
histone H2AX gene from related species available from GenBank. The fragments were 
aligned using the computer program ClustalW2, the areas with the greatest homology 
being used for designing the primers. 
 
2.2.5. Amplification of DNA by the Polymerase Chain Reaction (PCR) 
All the reactions were carefully prepared using autoclaved tubes and autoclaved 
disposable pipette tips in order to avoid contamination of the samples with foreign 
DNA. The reagents used were aliquoted to prevent degradation by repetitive 
thawing/freezing cycles. Oligonucleotide primers employed in the reaction were 
synthesized by Invitrogen Life Technologies and supplied in lyophilised form. In the 
laboratory, the primers were resuspended in molecular grade depc-treated deionised 
water to a concentration of 50 µM. 
The PCRs performed in order to isolate the H2AX gene in M. edulis were carried 
out in a volume of 50 µl consisting of 200 µM dNTPs, 1x Taq DNA polymerase buffer 
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(50 mM Tris-HCl pH 8.0, 50 mM KCl, 1 mM DTT, 0.1 mM EDTA, stabilizers and 
50% (v/v) glycerol), 0.5-4.5 mM MgCl2, 10-40 µg BSA per reaction, 1.5 µM of each 
sense and antisense primers and 1.25 units of Platinum Pfx Polymerase (Invitrogen 
Life Technologies).  
Amplifications were carried out in a Techne Thermal Cycler equipped with a 
heated lid. Each reaction was optimised in order to create the right conditions for the 
amplification of the targeted fragment. The oligonucleotide primers used, magnesium 
ion concentration, BSA concentration and ionic concentration of the buffer were the 
varied parameters of the reaction. Also the cycling strategy of denaturation, annealing 
and extension temperatures and duration of the steps were varied.  
All reactions were initially denatured at 95°C for 1 min then 30 sec at 95°C 
denaturation, 30 sec at 45°C annealing and 1 min at 72°C elongation step. The last three 
steps were repeated 40 times followed by and final extension step of 2 min at 72°C.  
Positive and negative controls were set up along side each set of PCR reactions. 
Negative controls consisted of all components of the PCR reaction excluding the 
template DNA while the positive controls included the primers 5’-
GTGCTCTTGACTGAGTGTCTCG-3’ and 5’CGAGGTCCTATTCCATTATTCC-3’ 
for 18s rRNA gene, which is sequenced for M. edulis (GenBank identifier L33448). The 
former controls were to ensure that there was no contamination while the latter to ensure 
that the reaction is working, the template DNA is not damaged. 
 
2.2.6. Agarose gel electrophoresis of DNA 
Agarose gel electrophoresis was performed using a BRL model H5 horizontal 
system for submerged gel electrophoresis. 0.8 g agarose (Promega Corporation-
analytical grade) was dissolved in 100 ml TBE electrophoresis buffer (45 mM Tris-
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borate, 1mM EDTA) (0.8% agarose gel) by boiling in a microwave oven. The solution 
was cooled to approximate 60°C and ethidium bromide was added to a final 
concentration of 0.8 µg/ml and mixed thoroughly. The agarose was then poured into the 
holding tray ensuring that the teeth of the Teflon comb were immersed and allowed to 
set for approximate 30 min at room temperature prior to removal of the comb and 
submerging into the electrophoresis buffer in the tank. The samples to be loaded were 
first mixed with bromophenol blue loading solution (Promega Corporation) to a final 
concentration of 10% and then loaded into the wells of the gel. A 100 bp molecular 
weight ladder (Invitrogen Life Technologies) was also loaded into the gel in order to 
size the DNA fragments. A current of 100V was than applied to the gel and stopped 
when the dye had migrated an appropriate distance through the gel. Gels were examined 
on a UV transluminator (UVP, Upland, CA) and photographed using a UP-860 video 
graphic printer (Sony, USA).  
 
2.2.7. Isolation of DNA fragments from agarose gel slices 
The gel areas containing the DNA fragments of interest were excised on the UV 
transluminator using a clean scalpel. The gel slice was placed into a pre-weighted clean 
1.5 ml plastic tube and processed according to the QIAquick Gel Extraction protocol 
(Qiagen Ltd.). Three gel volumes of QG buffer (containing guanidine thiocyanate and a 
pH indicator to help maintaining the pH at optimum level) were added over the gel and 
incubated 10 min at 50°C flicking the tube periodically to dissolve the gel slice. The 
buffer role is to solubilize the gel slice and to create the binding conditions of the DNA 
to the QIAquick silica-gel membrane. This step was allowed by the addition of one gel 
volume of isopropanol, which increases the yield of DNA fragment smaller than 500 bp 
and bigger than 4 kb. The sample prepared this way was applied to the QIAquick 
 40
 
 
column and centrifuged 1 min at 10,000 x g. 500 µl QG buffer were added to the 
column and centrifuged 1 min at 10,000 x g in order to remove any trace of agarose 
followed by the addition of 750 µl ethanol-containing PE buffer and centrifuged another 
1 min at 10,000 x g. The column was subsequently centrifuged for 1 min to eliminate 
any trace of PE buffer, which might interfere with downstream application and then 
placed into a clean 1.5 ml tube. To elute the DNA, 30 µl of buffer EB (10 mM Tris-Cl, 
pH 8.5) was applied to the centre of the membrane, left for 1 min and centrifuged 1 min 
at 10,000 x g. The sample was stored at –20°C. 
 
2.2.8. Quantification of DNA 
DNA concentration was determined by a QubitTM fluorometer (Invitrogen 
Detection Technologies). The fluorometer measures DNA and RNA concentrations 
through the use of a dye that becomes fluorescent upon binding to nucleic acids. The 
concentration data is then generated using a curve-fitting algorithm based on the 
relationship between two standards used in its calibration.  
 
2.2.9. Addition of A’ ends to the DNA fragment  
The TA Cloning kit (Invitrogen Life Technologies) used in subsequent steps 
exploits the nontemplate-dependent activity of Taq polymerase that adds a single 
deoxyadenosine (A) to the 3’ end of PCR products. The linearised vector in the kit has a 
single 3’ deoxythimidine (T) residue, which allows PCR inserts to ligate efficiently with 
the vector. The proofreading polymerase used in our reactions (Platinum Pfx 
polymerase) does not share the same particularity with Taq polymerase leaving blunt-
ended PCR products that affect ligation with the vector. We thus attached A’ overhangs 
to our PCR products. The sample was mixed with 2 µl 5x Qiagen A’-addition Master 
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Mix, mixed gently and incubated 30 min at 37°C. The sample prepared this way was 
ready for ligation with the pCR 2.1 vector. 
 
2.2.10. Cloning PCR-generated fragments of DNA 
The cloning technique allows the separation of different DNA fragments from a 
mixture and to produce them in large quantities. To achieve this, the DNA was 
subcloned into bacterial plasmids. The linearized TA plasmid vector pCR®2.1 
(Invitrogen Life Technologies) used for the DNA cloning has single 3’ deoxythymidine 
(T) residues and contain the resistance genes to kanamycin and ampicillin as well as the 
LacZα gene.  
The DNA fragment, helped by its deoxyadenosine (A) overhangs at the 3’ ends 
added by the Taq polymerase, is inserted into the plasmid DNA in the middle of the 
LacZα gene. 3 µl of PCR product processed as described in section 2.2.9 was mixed on 
ice with 25 ng pCR@2.1 vector, 1 µl 10x ligation buffer (60 mM Tris-HCl pH 7.5, 60 
mM MgCl2, 50 mM NaCl, 1mg/ml BSA, 70 mM β-mercaptoethanol, 1mM ATP, 20 
mM DTT and 10 mM spermidine), 1 µl T4 ligase (4.0 Weiss units/µl) and 4 µl of H2O. 
The reaction was incubated overnight at 15°C. 
The vectors prepared as above were then ready to be transformed into One Shot 
E. coli competent cells TOP 10 strain (Invitrogen Life Technologies). 50 µl of frozen 
One Shot competent cells were thawed on ice and mixed gently with the pipette tip with 
2 µl of the ligation reaction. The vial was than incubated for 30 min on ice and then heat 
shock for exactly 30 sec at 42°C. The vial was then placed again on ice for 2 min. 250 
µl S.O.C. medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 
mM MgCl2, 10 mM MgSO4, 20 mM glucose) at room temperature was added to the 
reaction and incubated for 2-3 hrs at 37°C into a shaking incubator at 200 rpm. The 
 42
 
 
culture was plated onto LB agar plates (1% tryptone, 0.5% yeast extract, 1% NaCl, 15 
g/l agar, pH 7.0) containing kanamycin (50 µg/ml) and X-gal in dimethyl formamide 
(40 µg/ml) and incubated overnight at 37°C. Single white colonies, indicating the 
presence of the plasmid in the cell because of the kanamycin resistance and disruption 
of the LacZα gene by the insert DNA, were picked using a sterile pipette tip and 
inoculated into 5 ml of LB broth (1% tryptone, 0.5% yeast extract, 1% NaCl, pH 7.0) 
containing 0.5 mg/ml kanamycin. The cultures were grown overnight into a shaking 
incubator at 37°C and 200 rpm. 
 
2.2.11. Extraction and purification of plasmid DNA 
Plasmid DNA was extracted from E. coli cultures using Wizard Plus Minipreps 
DNA Purification System (Promega Corporation), which is based on an alkaline lysis of 
the cells followed by the absorption of plasmid DNA to the resin beads. Approximately 
5 ml of the E. coli cultures (see 2.2.10) were centrifuged for 2 min at 10,000 x g and the 
supernatant discarded. The pellet was resuspended in 250 µl Cell Resuspension Solution 
(50 mM Tris-HCl pH 7.5, 10 mM EDTA and 100 µg/ml RNase A) and mix by inverting 
4 times with 250 µl Cell Lysis Solution (0.2 M NaOH, 1% SDS). 10 µl of alkaline 
protease solution was added and mixed by inverting 4 times, then left in room 
temperature for 5 min. 350 µl Neutralisation Solution (1.32 M potassium acetate pH 
4.8) were then added and mixed by inverting the tube 4 times. The tube was centrifuged 
10 min at 10,000 x g and the supernatant mixed with 1 ml of resin in Wizard® Miniprep 
Column attached to a vacuum manifold. The sample was load into the column and 
washed with 1 ml of Column Wash Solution (80 mM potassium acetate, 8.3 mM Tris-
HCl pH 7.5, 40 mM EDTA, 55% ethanol). The column was removed from the vacuum 
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manifold and transferred to a microcentrifuge tube and centrifuged for 2 min at 10,000 x 
g to remove any trace of wash solution. The plasmid DNA was eluted in a clean tube 
with 30-40 µl RNase free water by centrifugation. 
 
2.2.12. Enzymatic digestion of the plasmid DNA using EcoR I restriction enzymes 
In order to check the size of the insert, the plasmid DNA was digested using EcoR 
I restriction enzyme (Promega Corporation), which recognises two adjacent sites to the 
inserted fragment. 5 µl of the plasmid DNA sample was gently mixed with 2 µl 10x 
buffer (900 mM Tris-HCl pH 7.5, 500 mM NaCl and 100 mM MgCl2) , 1 µl EcoR I (10 
U/µl) and RNase free water to a volume of 20 µl and incubated for 2 hrs at 37°C. The 
digestion products were analysed on an agarose gel as described in section 2.2.6. and 
2.2.7. followed by measuring the DNA as described in section 2.2.8. 
 
2.2.13. Sequencing the potential H2AX mRNA-containing sub-clones 
Approximately 1 µg plasmid DNA was mixed with a tenth volume of sodium 
acetate (3 M, pH 5.2) and two volumes of 95% ethanol and left 15 min at –20°C, then 
centrifuged 10 min at 16,000 x g. The supernatant was discarded and the pellet allowed 
to dry for 15 min at room temperature. The samples were then ready to be sent to 
Eurofins MWG Operon, Germany for sequencing. 
 
2.2.14. Western Blotting 
2.2.14.1. Samples and preparing whole cell extracts with fully solubilized chromatin 
 Mussels were irradiated at different doses (5, 10, 25, 50 and 100 Gy of 137Cs, 
dose rate 0.125 Gy/sec, at 9°C) in 50 ml conical polypropylene sterile tubes in the 
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presence of seawater. After that, using glass beads, 30 mg fresh M. edulis gonad tissue 
was ground in 400 µl of nuclease digestion buffer (10 mM HEPES pH 7.9, 10 mM KCl, 
1.0 mM CaCl2, 1.5 mM MgCl2, 0.34 M Sucrose, 10% Glycerol, 1 mM DTT, 0.1% (v/v) 
Triton X-100) containing 100 U/mL Micrococcal Nuclease (to digest chromatin), 0.1 
µM Microcystin-LR (a phosphatase inhibitor) and 1X protease inhibitor cocktail 
(Sigma-Aldrich, U.K). 
The samples were incubated (together with glass beads) at 30oC for 30-45 min. 
This allows the nuclease time to digest insoluble chromatin. An equal volume of 
solubilization buffer (10 mM HEPES pH 7.9, 10 mM KCl, 1.0 mM CaCl2, 1.5 mM 
MgCl2, 0.34 M Sucrose, 10% Glycerol, 1 mM DTT, 0.1% (v/v) Triton X-100, 2% (v/v) 
NP-40, 2% (v/v) Triton X-100, 600 mM NaCl) was added, ground/vortexed briefly and 
then centrifuged 5000 rpm for 2 min to remove glass beads. After recovering the 
supernatant, the extract was sonicated twice, at 5 sec per disruption, and finally 
centrifuged at 10,000 x g for 10 min. The final supernatant should contain all 
cytoplasmic, nucleoplasmic and the majority of chromatin proteins, including histones. 
 
2.2.14.2. Identification of H2AX protein using immunoblotting technique 
To immunoblot for the very small histones (~15 kDa), samples were loaded on 
17.5% acrylamide SDS PAGE gels (4.4 ml 30% acrylamide, 0.275 ml 2% Bis-
acrylamide, 2.8 ml 1M Tris pH 8.8, 37.5 µl 20% SDS, 7.5 µl TEMED, 30 µl 10% APS). 
Two 0.75 mm thick gels were prepared from stacking gel (85 ml 30% acrylamide, 17.5 
ml 2% Bis-acrylamide, 62.4 ml 1M Tris pH 6.8, dH2O to 500 ml, in dark at 4oC). For 
every gel, aliquot 1 ml of the stacking gel mixture for polymerization. To polymerize, 
for every 1 ml of stacking mix, 10 µl 20% SDS, 5 µl 10% APS and 5 µl TEMED were 
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added and left to polymerize for 3-5 min. The comb was removed as soon as the 
solution polymerized, flushing with water and the gel then used straight away. Samples 
and marker were loaded on the gel and run at 110V for 10 min followed by increasing 
the voltage to 150V for 60 min. After that, the two 0.75 mm gels were transferred to 
0.2-micron nitrocellulose membrane using electroblot buffer (48 mM Tris-base, 39 mM 
glycine, 20% (v/v) methanol) at 100V for 60 min. 
 
2.2.14.3. The H2AX antibody binding reaction 
The nitrocellulose was washed later with Ponceau-S stain (5% acetic acid + drop 
of Ponceau-S dye) for 30 sec followed by water wash and TBS buffer for few seconds 
(24.2 g of Tris-base, 292.2 g of NaCl, up to 1 L of dH2O, pH 7.5) to clear the dye off. 
After that, nitrocellulose membrane was blocked in 25% dry milk in 10 mM TBS-T 
(150 mM NaCl, and 20% Tween, pH 7.5) for 30 min at room temperature.  
The nitrocellulose membrane was probed with anti-gamma H2AX (gamma-H2A-X-
phospho-S139-antibody, Abcam Plc.) at 4oC for overnight, then washed and rotate 
twice with TBS-T for 5-10 min. The membrane was incubated with 2° mouse antibodies 
(13858-014, Life Technologies, Inc.) diluted in 5% milk in TBS buffer for 60 min at 
room temperature. After that, washing the membrane three times with TBS-T buffer 
was applied then ECL reagent (Pierce ECL Western Blotting substrate from Thermo 
Scientific) was added to for 1 min. After washing, the membrane was exposed on film 
(Amersham Hyperfilm ECL, from GE Healthcare, Buckinghamshire, U.K.) using 
(Compact X4, Xograph Imaging Systems). 
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2.3. RESULTS 
2.3.1. Isolation of total RNA from M. edulis gonads 
The use of extraction method described in section 2.2.2. provided a high yield of 
good quality total RNA (A260 : A280 = 2.097). About 30 mg of tissue yielded 1421.2 
µg/ml total RNA. 
 
2.3.2. Oligonucleotide primers obtained 
The first set of H2AX degenerate primers (H2AXf, H2AXr1, H2AXr2) designed 
aligning the H2AX protein sequence from different species (see Table 2.3.2.1 and Fig. 
2.3.2.1) proved to be unsuccessful. To reduce the degeneracy of the primers a second set 
of primers was designed (SpecF, SpecR) using the cDNA sequences of M. edulis, 
Mytilus trossulus, Mytilus galloprovincialis and Mytilus calfornianus (GenBank 
identifiers AY267757, AY267758, AY267755 and AY267759) instead of the protein 
sequences (see Table 2.3.2.1 and Fig. 2.3.2.2). This successful approach with species-
specific primers was used to isolate the H2AX mRNA in M. edulis. 
 
Table 2.3.2.1. Oligonucleotide sequences used as primers for the amplification of H2AX mRNA 
(where N=A+C+T+G, R=A+G, Y=C+T, M=A+C, S=C+G, W=A+T, D=A+T+G) 
Primer 
name 
Primer sequence Species used (GenBank identifier) TM°C %GC 
H2AXf 
GTB GGB GCN GGN 
GCD CCV GTB TAY 
Danio rerio (XP_001342899) 
Xenopus tropicalis (NP_001015968) 
M. edulis (CAD37821) 
Rattus norvegicus (NP_001102761) 
Homo sapiens (NP_002096) 
60°C 68 
Fo
rw
ar
d 
pr
im
er
 
SpecF 
AGG ACG AGG AAA 
AGG AGG AA 
M. edulis (AY267757) 
M. trossulus (AY267758) 
M. galloprovincialis (AY267755) 
M. calfornianus (AY267759) 
47°C 50 
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H2AXr1 
YTT GTT SAR YTC 
YTC RTC RTT 
D. rerio (XP_001342899) 
X. tropicalis (NP_001015968) 
M. edulis (CAD37821) 
R. norvegicus (NP_001102761) 
H. sapiens (NP_002096) 
43°C 38 
H2AXr2 
VAC RCC DCC YTG 
VGC RAT VGT BAC 
D. rerio (XP_001342899) 
X. tropicalis (NP_001015968) 
M. edulis (CAD37821) 
R. norvegicus (NP_001102761) 
H. sapiens (NP_002096) 
57°C 60 
R
ev
er
se
 
pr
im
er
s 
SpecR 
TTT CCT GCC AAC 
TCC AAA AC 
M. edulis (AY267757) 
M. trossulus (AY267758) 
M. galloprovincialis (AY267755) 
M. calfornianus (AY267759) 
45°C 45 
 
D.rerio           MFSIVEKTNICKPMVTSFQHKNCSLIKMSGRGKTGGKARAKAKTRSSRAGLQFPVGRVHR 60 
M.edulis          ---------------------------MSGRGK-GGKAKAKAKSRSSRAGLQFPVGRIHR 32 
H.sapiens         ---------------------------MSGRGKTGGKARAKAKSRSSRAGLQFPVGRVHR 33 
R.norvegicus      ---------------------------MSGRGKTGGKARAKAKSRSSRAGLQFPVGRVHR 33 
X.tropicalis      ---------------------------MSGRGKTGGKTRAKAKTRSSRAGLQFPVGRVHR 33 
                                             ****** ***::****:*************:** 
 
D.rerio           LLRKGNYAERVGAGAPVYLAAVLEYLTAEILELAGNAARDNKKTRIIPRHLQLAVRNDEE 120 
M.edulis          LLRKGNYAERVGAGAPVYLAAVLEYLAAEVLELAGNAARDNKKSRIIPRHLQLAIRNDEE 92 
H.sapiens         LLRKGHYAERVGAGAPVYLAAVLEYLTAEILELAGNAARDNKKTRIIPRHLQLAIRNDEE 93 
R.norvegicus      LLRKGHYAERVGAGAPVYLAAVLEYLTAEILELAGNAARDNKKTRIIPRHLQLAIRNDEE 93 
X.tropicalis      LLRKGNYAERVGAGAPVYLAAVLEYLTAEILELAGNAARDNKKTRIIPRHLQLAVRNDEE 93 
                  *****:********************:**:*************:**********:***** 
 
D.rerio           LNKLLGGVTIAQGGVLPNIQAVLLPKKT------------EKAAKK---- 154 
M.edulis          LNKLLSGVTIAQGGVLPNIQAVLLPKKT------------QKAAK----- 125 
H.sapiens         LNKLLGGVTIAQGGVLPNIQAVLLPKKTSATVGPKAPSGGKKATQASQEY 143 
R.norvegicus      LNKLLGGVTIAQGGVLPNIQAVLLPKKTSATVGPKAPAGGKKASQASQEY 143 
X.tropicalis      LNKLLGGVTIAQGGVLPNIQTVLLPKKTSAAPTATGKSSGKKSSQQSQEY 143 
                  *****.**************:*******            :*:::  
 
     
H2AXf H2AXr1 
H2AXr2 
Fig. 2.3.2.1. ClustalW2 multiple sequence alignment of the deduced amino acid sequences of 
the H2AX of different species showing the designed degenerated primers. Asterix denotes 
homology. 
 
M.edulis                 TACTACCTGGAAGAAGCGATGATTTGATTGGTTTAGAACTGAAACATCTTTCAATCCGTT 60 
M.galloprovincialis      TACTACCTGGAAGAAGCGATGATTTGATTGGTTTAGAACTGAAACATCTTTCAATCCGTT 60 
M.trossulus              TACTACCTGGAAGAAGCGATGATTTGATTGGTTTAGAACTGAAACATCTTTCAATCCGTT 60 
M.californianus          -----------GGCCGCGGGAATTCGATTG------------------------------ 19 
H.sapines                ------------------------------------------------------------ 
R.norvegicus             ------------------------------------------------------------ 
X.tropicalis             ------------------------------------------------------------ 
D.rerio                  ----------ATGTTTTCCATAGTAGAAAA------------------------------ 20 
                                                                                      
 
M.edulis                 TTGCGGGTATAAATAGTAAACTACCACCTCTTGGGGTAATCATTGTTTATACTTGTTCA- 119 
M.galloprovincialis      TTGCGGGTATAAATAGTAAACTACCACCTCTTGGGGTAATCATTGTTTATACTTGTTCA- 119 
M.trossulus              TTGCGGGTATAAATAGTAAAATACCACCTAACTGGGTAATCATTGTTTATACTTGTTCA- 119 
M.californianus          -------------------------ACCTCTTGGGGTAATCATTGTTTATACTTGTTCAG 54 
H.sapines                ------------------------------------------------------------ 
R.norvegicus             ------------------------------------------------------------ 
X.tropicalis             ------------------------------------------------------------ 
D.rerio                  ----------------------AACAAATATTTGTAAACCAATGGTTACTTCCT-TCCAA 57 
                                                                                      SpecF 
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M.edulis                 AGTCAAACAACGTATTAAATCAAAATGTCAGGACGAGGAAA---AGGAGGAAAAGCAAAA 176 
M.galloprovincialis      AGTCAAACAACGTATTAAATCAAAATGTCAGGACGAGGAAA---AGGAGGAAAAGCGAAA 176 
M.trossulus              AGTCAAACAACGTATTAAATCAAAATGTCAGGACGAGGAAA---AGGAGGAAAAGCAAAA 176 
M.californianus          TGTCAAACAACGTATTAAATCAAAATGTCAGGACGAGGAAA---AGGAGGTAAAGCAAAG 111 
H.sapines                ------------------------ATGTCGGGCCGCGGCAAGACTGGCGGCAAGGCCCGC 36 
R.norvegicus             ------------------------ATGTCGGGTCGCGGCAAGACCGGCGGCAAGGCCCGC 36 
X.tropicalis             ------------------------ATGTCTGGAAGAGGAAAGACTGGCGGCAAAACCAGA 36 
D.rerio                  CATAAAAACTGTAGTTTGATTAAAATGAGCGGAAGAGGTAAAACCGGAGGAAAAGCCCGC 117 
                                                 ***:  ** .*.** **    **.** **..* ..  
 
M.edulis                 GCAAAGGCAAAGTCTAGGTCATCCCGTGCCGGACTTCAGTTCCCAGTAGGTCGTATCCAC 236 
M.galloprovincialis      GCAAAGGCAAAGTCTAGGTCATCCCGTGCCGGACTTCAGTTCCCAGTAGGTCGTATCCAC 236 
M.trossulus              GCAAAGGCAAAGTCTAGGTCATCCCGTGCCGGACTTCAGTTCCCAGTAGGTCGTATCCAC 236 
M.californianus          GCAAAGGCAAAGTCTAGGTCATCCCGTGCCGGACTTCAGTTCCCAGTAGGTCGTATCCAC 171 
H.sapines                GCCAAGGCCAAGTCGCGCTCGTCGCGCGCCGGCCTCCAGTTCCCAGTGGGCCGTGTACAC 96 
R.norvegicus             GCCAAAGCCAAGTCGCGCTCTTCGCGCGCCGGCCTTCAGTTCCCGGTAGGCCGCGTGCAC 96 
X.tropicalis             GCTAAGGCCAAGACTCGCTCATCCAGGGCTGGTTTGCAGTTTCCTGTCGGTCGTGTCCAT 96 
D.rerio                  GCTAAGGCAAAGACTCGCTCCTCCAGGGCGGGCCTGCAGTTTCCAGTCGGCCGTGTTCAC 177 
                         ** **.**.***:* .* ** ** .* ** **  * ***** ** ** ** ** .* **  
 
M.edulis                 AGACTTTTGAGGAAAGGAAACTACGCCGAGAGAGTTGGTGCCGGAGCACCAGTCTACCTT 296 
M.galloprovincialis      AGACTTTTGAGGAAAGGAAACTACGCCGAGAGAGTTGGTGCCGGAGCACCAGTCTACCTT 296 
M.trossulus              AGACTTTTGAGGAAAGGAAACTACGCCGGGAGAGTTGGTGCCGGAGCACCAGTCTACCTT 296 
M.californianus          AGACTTTTGAGGAAAGGAAACTACGCCGAGAGAGTTGGTGCCGGAGCTCCAGTCTACCTT 231 
H.sapines                CGGCTGCTGCGGAAGGGCCACTACGCCGAGCGCGTTGGCGCCGGCGCGCCAGTGTACCTG 156 
R.norvegicus             CGACTGCTGCGGAAAGGCCATTACGCCGAGCGCGTGGGCGCAGGCGCGCCCGTGTACCTG 156 
X.tropicalis             CGTTTATTACGGAAGGGGAACTACGCTGAGCGCGTCGGTGCCGGGGCACCAGTTTATTTG 156 
D.rerio                  AGGCTTCTTCGCAAGGGTAACTATGCAGAGCGTGTCGGTGCTGGAGCTCCAGTGTATCTG 237 
                         .*  *  * .* **.** .* ** ** *.*.* ** ** ** ** ** **.** **  *  
 
 
M.edulis                 GCCGCTGTCTTGGAATACTTAGCAGCTGAGGTTTTGGAGTTGGCAGGAAATGCTGCCCGT 356 
M.galloprovincialis      GCCGCTGTCTTGGAATACTTAGCAGCTGAGGTTTTGGAGTTGGCAGGAAATGCTGCCCGT 356 
M.trossulus              GCCGCTGTCTTGGAATACTTAGCAGCTGAGGTTTTGGAGTTGGCAGGAAATGCTGCCCGT 356 
M.californianus          GCCGCTGTCTTGGAATACTTGGCAGCTGAGGTTTTGGAGTTGGCAGGAAATGCTGCCCGT 291 
H.sapines                GCGGCAGTGCTGGAGTACCTCACCGCTGAGATCCTGGAGCTGGCGGGCAATGCGGCCCGC 216 
R.norvegicus             GCGGCGGTGCTCGAGTACCTCACTGCCGAGATCCTGGAGCTGGCGGGCAACGCGGCTCGG 216 
X.tropicalis             GCTGCTGTATTAGAATATCTGACGGCAGAAATTCTGGAGTTGGCTGGGAACGCGGCCCGG 216 
D.rerio                  GCTGCTGTGCTCGAGTATCTGACCGCTGAGATCCTGGAGTTGGCTGGAAACGCTGCTCGG 297 
                         ** ** **  * **.**  * .* ** **..*  ***** **** ** ** ** ** **  
 
M.edulis                 GACAACAAGAAGAGCAGAATCATCCCCCGTCATCTCCAGTTGGCCATCAGAAACGACGAA 416 
M.galloprovincialis      GACAACAAGAAGAGCAGAATCATCCCCCGTCATCTCCAGTTGGCCATCAGAAACGACGAA 416 
M.trossulus              GACAACAAGAAGAGCAGAATCATCCCCCGTCATCTCCAGTTGGCCATCAGAAACGACGAA 416 
M.californianus          GACAACAAGAAGAGCAGAATCATCCCCCGTCATCTTCAGTTGGCCATCAGAAACGACGAA 351 
H.sapines                GACAACAAGAAGACGCGAATCATCCCCCGCCACCTGCAGCTGGCCATCCGCAACGACGAG 276 
R.norvegicus             GACAACAAGAAGACGCGCATTATCCCGCGCCACCTGCAGCTGGCTATCCGCAACGACGAG 276 
X.tropicalis             GATAATAAAAAGACCCGTATTATTCCCCGCCACCTGCAGTTGGCTGTGCGCAACGATGAA 276 
D.rerio                  GACAACAAGAAGACCCGTATCATCCCCCGACATCTGCAGTTGGCGGTGCGCAATGACGAG 357 
                         ** ** **.****  .* ** ** ** ** ** ** *** **** .* .*.** ** **. 
 
M.edulis                 GAATTGAACAAACTTCTCTCTGGTGTAACCATTGCCCAAGGAGGTGTTTTACCAAACATC 476 
M.galloprovincialis      GAATTGAACAAACTTCTCTCTGGTGTAACCATTGCCCAAGGAGGTGTTTTACCAAACATC 476 
M.trossulus              GAATTGAACAAACTTCTCTCTGGTGTAACCATTGCACAAGGTGGTGTTTTACCAAACATC 476 
M.californianus          GAATTGAACAAACTTCTCTCTGGTGTAACCATTGCCCAAGGTGGTGTTTTGCCAAACATC 411 
H.sapines                GAGCTCAACAAGCTGCTGGGCGGCGTGACGATCGCCCAGGGAGGCGTCCTGCCCAACATC 336 
R.norvegicus             GAGCTCAACAAGCTGCTGGGCGGCGTGACTATCGCGCAGGGCGGCGTCCTGCCCAACATC 336 
X.tropicalis             GAGCTCAACAAACTGCTGGGAGGGGTGACCATTGCGCAGGGAGGTGTTTTGCCCAATATC 336 
D.rerio                  GAGCTGAACAAGCTTTTGGGCGGAGTGACCATCGCTCAGGGTGGTGTGCTGCCCAACATT 417 
                         **. * *****.**  *    ** **.** ** ** **.** ** **  *.**.** **  
SpecF 
SpecR 
 
 
M.edulis                 CAGGCTGTACTTCTGCCAAAGAAGACACAGAAAGCTGCCAAGTAAAGTCAACACAACAGA 536 
M.galloprovincialis      CAGGCTGTACTTCTGCCAAAGAAGACACAGAAAGCTGCCAAGTAAAGTCAACACAACAGA 536 
M.trossulus              CAGGCTGTACTTCTGCCAAAGAAGACACAGAAAGCTGCCAAGTAAAGTCAACACTACAGA 536 
M.californianus          CAGGCTGTACTTCTGCCAAAGAAGACACAGAAAGCTGCCAAGTAAAGTCAATACAACAGA 471 
H.sapines                CAGGCCGTGCTGCTGCCCAAGAAGAC-----CAGCGCCACCGTGGGGCCGAAGGCGCC-- 389 
R.norvegicus             CAGGCCGTGCTGCTGCCCAAGAAGAC-----CAGCGCCACCGTGGGGCCCAAGGCGCC-- 389 
X.tropicalis             CAAACCGTGTTGCTACCTAAAAAGACT---TCCGCGGCTCC-TACAGCTACAGGCAAG-- 390 
D.rerio                  CAGGCCGTGCTGCTGCCTAAGAAGAC---------------------------------- 443 
                         **..* **. * **.** **.*****                                   
 
 
Fig. 2.3.2.2. ClustalW2 multiple sequence alignment of the nucleotides sequences of the H2AX 
of different invertebrate and vertebrate species and the specific designed primers. Asterix 
denotes homology. 
 
2.3.3. H2AX mRNA amplification using mussel cDNA template 
Several PCRs were conducted in order to isolate the H2AX mRNA fragment from 
M. edulis. Different combinations of the designed primers (Table 2.3.2.1) were used in 
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reactions while other parameters were also varied (see 2.2.5). Generally, most of the 
reactions either yielded no product or the products obtained, after sequencing, were 
revealed not to be the product of interest. 
The successful isolation of the H2AX mRNA was carried out in a volume of 50 µl 
consisting of 200 µM dNTPs, 1x Taq DNA polymerase buffer (50 mM Tris-HCl pH 
8.0, 50 mM KCl, 1 mM DTT, 0.1 mM EDTA, stabilizers and 50% (v/v) glycerol), 0.5-
4.5 mM MgCl2, 10-40 µg BSA, 1.5 µM of upstream speceific primer (SpecF) 5’-AGG-
ACG-AGG-AAA-AGG-AGG-AA-3’ and downstream specific primer (SpecR) 5’-TTT-
CCT-GCC-AAC-TCC-AAA-AC-3’ and 1.25 units of Platinum Pfx Polymerase. For the 
PCR, the reaction was initially denatured at 95°C for 1 min then 30 sec at 95°C 
denaturation, 30 sec at 45°C annealing and 1 min at 72°C elongation step. The last three 
steps were repeated 40 times followed by and final extension step of 2 min at 72°C. 
After the PCR a fragment of the expected size, 197 bp, was visualized in the agarose gel 
(Fig. 2.3.3.1). 
L N M 
197 bp 
100 bp 
600 bp 
 
Fig. 2.3.3.1. Ethidium bromide stained 0.8% agarose gel displaying PCR amplification products 
obtained using M. edulis cDNA as a template and the primer pairs SpecF/SpecR (expected 
product size – 197 bp). Lane L is the molecular size ladder and lane N is the negative control to 
ensure the reaction was not contaminated. Lane M is the M. edulis sample. 
 50
 
 
 
2.3.4. Subcloning of PCR-generated DNA fragments 
The 197 bp fragment was excised from the agarose gel and extracted from the gel 
slice (section 2.2.7). The DNA was quantified (section 2.2.8), adenine overhangs were 
subsequently added to the DNA fragments (section 2.2.9). The DNA fragment was sub-
cloned into pCR®2.1 plasmid DNA and transformed into competent E. coli cells 
(section 2.2.10). The colonies were grown in large number and plasmid DNA extracted 
as described in section 2.2.11. In order to check for the identity of the inserted fragment, 
3 µl plasmid DNA was restriction digested with EcoRI enzyme (section 2.2.12) and run 
on an agarose gel. A total number of 8 colonies were picked and analysed for the 
presence of the desired DNA fragment. All of the colonies contained the 197 bp 
fragment. On the agarose gel, the fragments are bigger because the EcoRI sites does not 
coincide with the insertion point, the difference being of about 15 nucleotides.  
 
2.3.5. Sequencing the isolated DNA fragments  
All of the plasmids containing the fragment of interest were sent for sequencing 
(section 2.2.13). The BLAST algorithm confirmed the identity of the isolated fragment 
as a part of a putative H2AX mRNA. There was 100% homology between the isolated 
fragment and M. edulis (GenBank identifier AY267757) H2AX sequence. Also, a 74%, 
73% and 71% similarity with D. rerio, X. tropicalis and H. sapiens homologs 
respectively.  
 
5’...aggacgaggaaaaggaggaaaagcaaaagcaaaggcaaagtctaggtcatcccgtgccggacttcagttcccagta
ggtcgtatccacagacttttgaggaaaggaaactacgccgagagagttggtgccggagcaccagtctaccttgccgctgtct
tggaatacttagcagctgaggttttggagttggcaggaaa..3’  
 
Fig. 2.3.5.1. Nucleotide sequence of the M. edulis putative H2AX fragment isolated. 
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2.3.6. Western blotting using a 2omouse-specific H2AX antibody 
The control and irradiated mussels were immunoblotted with gamma-H2AX- 
antibody and compared to control and irradiated mammals. Before applying the 
antibodies, the nitrocellulose membrane showed presence of loads of proteins in 
irradiated mussels compared to control mussel (Fig. 2.3.6.1). However, after 
immunoblotting with gamma-H2AX, there were no observations for antibodies reaction 
in mussels compared to irradiated mammal sample (Fig. 2.3.6.2).    
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Fig. 2.3.6.1. Nitrocellulose membrane displaying the proteins obtained using control (C), 
irradiated (IR) mussels and control, irradiated mammalians showing presence possibility of 
H2AX in mussl samples. Lane M is the protein marker. 
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Fig. 2.3.6.2. Film displaying the result obtained using control (C), irradiated (IR) mussels and 
control, irradiated mammalians showing no interaction between mussel samples and the H2AX 
antibody. Lane M is the protein marker. 
 
2.4. DISCUSSION 
The aim of this section was, firstly, to isolate and characterize the H2AX gene 
from the marine mussel M. edulis using real-time PCR technique. Specific primers 
successfully amplified a M. edulis partial H2AX cDNA sequence encoding a putative 26 
amino acid protein (AAP94676). The deduced amino acids showed 100% similarity 
with M. edulis in gene bank (AY267757) and above 70% similarity to several vertebrate 
species (Fig. 2.3.2.1) and 99-100% with other mussel species.  
The second aim was to isolate and characterize the H2AX protein from M. edulis. 
Application of the western blotting technique, using mammalian gamma-H2AX 
antibodies, on control and irradiated mussels showed no H2AX phosphorylation 
compared to a positive control irradiated mammal sample. Yet the phosphorylation of 
H2AX occurs at amino acid S139 in human and most vertebrate species (Kinner et al., 
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2008). This amino acid residue is not present in the predicted protein using the M. edulis 
sequence (AY267757) (Fig. 2.3.2.1) and this may explain why no cross reactivity 
occurred using the mammalian antibody for this H2AX epitope. H2AX is conserved in 
that many of the human H2AX antibodies are reported to work with yeast cells and 
insect cells (Drosophila, for example) (Rogakou et al., 1999; Madigan et al., 2002), but 
no evidence of binding was observed using mussels in this study. It is possible that the 
particular antibody used in this study might be one of the ones that has less broad 
specificity, possibly because it included more human amino acids sequence on either 
side of the protein S139 main epitope. Further work would likely be aimed at testing a 
number of the other antibodies available for mammalian H2AX or designing new 
antibody specific to mussels in particular. Moreover, further sequencing of the M. edulis 
H2AX have to continue to achieve the complete sequence, which might include the 
phosphorylated site. Conservation overall of the H2AX gene sequence in mussel 
suggests that a mammalian antibody should find an epitope if enough are tried. 
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Chapter 3 
 Isolation and Characterization of M. edulis Rad51 mRNA 
 
3.1. INTRODUCTION 
Rad51 is a DNA repair protein involved in DNA DSB damage and repair. DSBs 
are introduced into DNA by factors including IR (Morrison et al., 2000). RAD51 forms 
one of these ends into a presynaptic filament, which seeks out a sequence homologous 
to (ie. same as) the damaged DNA on the neighbouring chromatid. The filament 
introduces itself into the intact strands and opens a D loop, which the broken strands 
then use as templates to repair their 
sequence (Fig. 3.1.1) (Gerton and 
Hawley, 2005).  
A DSB, where both backbones 
of the DNA double helix are broken 
by external factors like radiation 
occurs approximately 10 times per 
cell division; the cell's need for 
highly accurate repair is therefore 
constant. 
In eukaryotes, RAD51 is the protein 
that carries out DSB repair by HR. It 
works with several other proteins, 
which cooperate in the RAD51 
complex.  adapted from Nature Reviews, 2005 
Fig. 3.1.1. Role of Rad51 in DNA DSB-HR repair pathway. 
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Rad51-DMC1-radA,B is a group of recombinases that includes the eukaryotic 
proteins RAD51, RAD55/57 and the meiosis-specific protein DMC1, and the archaeal 
proteins radA and radB. They are closely related to the bacterial RecA group. Rad51 
proteins catalyze a similar recombination reaction as RecA, using ATP-dependent DNA 
binding activity and a DNA-dependent ATPase. However, this reaction is less efficient 
and requires accessory proteins such as RAD55/57. Rad51-DMC1-radA,B is a member 
of the superfamily P-loop NTPase, P-loop containing Nucleoside Triphosphate 
Hydrolases (Shinohara and Ogawa, 1999; Gasior et al., 2001; Pellegrini et al., 2002; 
Wiese et al., 2006). 
Rad51 has been isolated in many vertebrate species such as rodent and human 
(Strausberg et al., 2002; Cartwright et al., 1998) and invertebrate including fruit fly, 
nematode and zebra mussel (Akaboshi et al., 1994; Rinaldo et al., 1998; Lamers et al., 
2002) (Table 3.1.1.). 
Table 3.1.1. A summary showed some details of Rad51 in some vertebrates and invertebrates 
species. 
Phylum Species Accession ID Name 
Arthropoda D. melanogaster BAA04580 Rad51, spn-A, spn-B 
“ Nasonia vitripennis NP_001154949 RecA homolog RAD51 
“ Lepeophtheirus salmonis ADD24297 RAD51 homolog 1 
“ Caligus clemensi ACO14764 RAD51 homolog 1 
“ Bombyx mori NP_001037484 Rad51 homolog 1 
Nematoda Loa loa XP_003146628 Rad51 
“ Caenorhabditis elegans AAD10194 Rad51 
“ Brugia malayi EDP34081 Rad51 homolog 
“ Trichinella spiralis EFV57314 Rad51 
Mollusca Dressina polymorpha AAM44815 Rad51 
Chordata D. rerio NP_998371 Rad51 homolog1 
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“ Salmo salar NP_001134027 Rad51 homolog A 
“ Oreochromis niloticus BAD98461 RecA homolog rad51 
“ Esox lucius ACO14034 RAD51 homolog 4 
“ 
Hypophthalmichthys 
molitrix ADF97633 RAD51 4-like 
“ X. laevis AAI08487 RAD51  
“ Gallus gallus NP_990504 RAD51 homolog 1 
“ Oryctolagus cuniculus AAC28561 Rad51 
“ M. musculus BAA02718 Rad51 
“ R. norvegicus NP_001102674 RAD51 homolog 1 
“ H. sapiens CAG38796 Rad51 
 
Rad51 mRNA expression is used in vertebrates as a biomarker in response of IR 
(Tashiro et al., 2000; Bishay et al., 2001; Chinnaiyan et al., 2005). Pathways of DNA 
damage repair, HR repair and NHEJ, include Rad51 as a key protein in re-synthesis, 
catalyzing and transferring, strands between broken sequences and its homologues in 
DSBs damage (Collis et al., 2001; Rollinson et al., 2007). Studies using mouse, chicken 
& other mammalian cells have shown that inefficient repair or mis-repair of DNA 
damage can lead to genomic instability (Sonoda et al., 1998; Thompson and Schild, 
1999; Difilippantonio et al., 2000; Zhao et al., 2007). This relationship between DNA 
repair pathway and Rad51 mRNA expression can therefore potentially be adapted as a 
biomarker of radioactive isotope contamination of the aquatic (or indeed, any) 
environment.  
This chapter presents the isolation and characterization of a member of the IR 
response, the Rad51 mRNA from the marine mussel M. edulis. 
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3.2. MATERIALS AND METHODS 
3.2.1. Animals 
The mussels (M. edulis) were collected by hand from concrete groins on Brighton 
beach (U.K.) (50°49′ longitude and 0°8′ latitude), stored on ice and brought in the lab in 
the same day. The gonads were removed, wrapped in tin foil and snap frozen in liquid 
nitrogen. The dissecting work was done in the cold room to lower the activity of 
proteases and nucleases. The samples were then stored at -80°C until further processing.  
 
3.2.2. Total RNA isolation and purification from mussel gonadal tissue 
Total RNA was extracted from the tissue using RNA isolation (Roche) reagent. 
Approximately 30 mg tissue was first disrupted using glass beads (Sigma) in 400 µl 
lysis buffer (containing guanidine thiocyanate) and centrifuged at 4°C for 40 sec to 
homogenate the tissue. The sample was spun 2 min at 16,250 x g and the supernatant 
transferred into a clean tube. 200 µl absolute ethanol was added to provide appropriate 
binding conditions and the sample was then applied to a silica-gel based column, spun 
30 sec at 16,250 x g and the flow-through discarded. To avoid genomic DNA 
contamination, DNase digestion was performed by adding (10 µl of DNase working 
solution +90 µl DNase digestion buffer) and left at room temperature for 15 min. The 
column was washed several times with ethanol-based buffers to eliminate the 
contaminants and the flow-through discarded. The column was transferred into a clean 
tube and eluted by centrifugation for 1 min at 8000 x g with 40 µl elution buffer (RNase 
free water) after a 1 min incubation period at room temperature. The procedure was 
repeated once more with the same 40 µl RNase free water. The sample was stored at -
20°C until further processing. 
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3.2.3. First strand synthesis of cDNA  
The Transcriptor First-Strand cDNA Synthesis System from Roche (Roche) was 
used to synthesize first-strand cDNA from total RNA. Up to 1 µg total RNA was mixed 
with 2 µl 600 pmol random hexamer and water to 13 µl. The sample was incubated for 
10 min at 65°C and then placed on ice for at least 1 min. 4 µl 5x concentrated TRT 
reaction buffer (250 mM Tris-HCl (pH 8.5), 150 mM KCl, 40 mM MgCl2), 0.5 µl 
Protector RNase Inhibitor (20 mM Hepes-KOH, 50 mM KCl, 8 mM dithiothreitol, 50% 
glycerol (v/v)) (40 units/µl), 2 µl dNTPs (10 mM) and 0.5 µl Transcriptor Reverse 
Transcriptase (20 units/µl) were added to the rest of the RNA/primer mixture, mixed 
gently and incubated 10 min at 25°C. Then incubated for 60 min at 50°C. The reaction 
was terminated at 85°C for 5 min and placed on ice. The final volume of the reaction 
was 20 µl.  
 
3.2.4. Oligonucleotide primer design 
The oligonucleotide primers used were designed using aligned fragments of 
Rad51 mRNA from related species available on GenBank (Table 3.2.4.1).  
Table 3.2.4.1. Rad51 Protein accession numbers in different species. 
Species Protein ID 
 H. sapiens BAA02962.1 
Xenopus laevis NP_001081236.1 
D. rerio NP_998371.1 
D. polymorpha AAM44815.1 
 
The fragments were aligned using the computer program CLUSTALW (Fig. 
3.2.4.1), the areas with the greatest homology being used for designing the primers. 
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H.sapiens      MAMQMQLEANADTSVEEESFGPQPISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKEL 60 
X.laevis       MAMQAHYEAEAT---EEEHFGPQAISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKEL 57 
D.polymorpha   ------------------------------------------------------------ 
D.rerio        MRNASRVEVEAEVE-EEENFGPQPVSRLEQSGISSSDIKKLEDGGFHTVEAVAYAPKKEL 59 
                                                                               
 
H.sapiens      INIKGISEAKADKILAEAAKLVPMGFTTATEFHQRRSEIIQITTGSKELDKLLQGGIETG 120 
X.laevis       LNIKGISEAKAEKILAEAAKLVPMGFTTATEFHQRRSEIIQISTGSKELDKLLQGGVETG 117 
D.polymorpha   ------------------------------------------------------------ 
D.rerio        LNIKGISEAKADKILTEAAKMVPMGFTTATEFHQRRAEIIQISTGSKELDKLLQGGIETG 119 
                                                                               
 
H.sapiens      SITEMFGEFRTGKTQICHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYGL 180 
X.laevis       SITEMFGEFRTGKTQLCHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYGL 177 
D.polymorpha   ----------TGKTQICHTLAVTCQLPIDMGGGEGKCLYIDTEGTFRPERLLAVSERYGL 50 
D.rerio        SITEMFGEFRTGKTQLCHTLAVTCQLPIDQGGGEGKAMYIDTEGTFRPERLLAVAERYGL 179 
                         *****:************* ******.:****************:***** 
 
H.sapiens      SGSDVLDNVAYARAFNTDHQTQLLYQASAMMVESRYALLIVDSATALYRTDYSGRGELSA 240 
X.laevis       SGSDVLDNVAYARAFNTDHQTQLLYQASAMMAESRYALLIVDSATALYRTDYSGRGELSA 237 
D.polymorpha   SGSDVLDNVAYARAYNSDHQSQLLIQAAAMMAESRYALLVVDSATALYRTDYSGRGELAA 110 
D.rerio        VGSDVLDNVAYARAFNTDHQTQLLYQASAMMTESRYALLIVDSATALYRTDYSGRGELSA 239 
                *************:*:***:*** **:***.*******:******************:* 
 
H.sapiens      RQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNIIAHASTTRL 300 
X.laevis       RQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNIIAHASTTRL 297 
D.polymorpha   RQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFSADP----------------- 153 
D.rerio        RQGHLGRFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFSADPKKPIGGNILAHASTTRL 299 
               ** **.*********************************:***                  
 
H.sapiens      YLRKGRGETRICQIYDSPCLPEAEAMFAINADGVGDAKD 339 
X.laevis       YLRKGRGETRICKIYDSPCLPEAEAMFAINADGVGDAKD 336 
D.polymorpha   --------------------------------------- 
D.rerio        YLRKGRGETRICKIYDSPCLPEAEAMFAINADGVGDAKD 338 
 
Fig. 3.2.4.1. ClustalW2 multiple sequence alignment of the deduced amino acid sequences of 
the Rad51 of different species. Asterix denotes homology.                                         
 
To reduce the degeneracy, further primers (Rad51F1, Rad51F2, Rad51F3, 
Rad51R1, Rad51R2, Rad51R3 and Rad51R4) were designed using the cDNA sequence 
of D. polymorpha (GenBank Identifier No. AF508221) instead of the protein sequence 
(Table 3.2.4.2 and Fig. 3.2.4.2). This approach with species-specific primers was used 
to isolate the Rad51 mRNA in M. edulis. 
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Table 3.2.4.2. Oligonucleotide sequences used as primers for the amplification of Rad51 
mRNA. 
Primer name Primer sequence TM°C %GC 
Forward  
Rad51F1 TGT CAC ACT CTG GCA GTC ACC TG 54°C 56 
Rad51F2 TAC ATC GAC ACA GAA GGC AC 47°C 50 
Rad51F3 TAC TCT GGT AGA GGG GAG CT 49°C 55 
Reverse  
Rad51R1 AGC TCC CCT CTA CCA GAG TA 49°C 55 
Rad51R2 ACC ACG GCA ACA CCA AAC TC 49°C 55 
Rad51R3 GCC ACC ACCTGG TTT GTG AT 49°C  55 
Rad51R4 GGG GTC TGC AGA AAA CAT GGC 51°C 57 
 
 
 
 
D.polymorpha      GAATGCTTCTCCGACTAGCAGACGAGTTTGGTGTTGCCGTGGTGATCACAAACCAGGTGG 419 
D.rerio           GTATGCTGCTGCGTCTCGCTGATGAGTTTGGTGTGGCTGTCGTCATCACTAACCAGGTTG 840 
H.sapiens         GGATGCTTCTGCGACTCGCTGATGAGTTTGGTGTAGCAGTGGTAATCACTAATCAGGTGG 808 
X.laevis          GAATGCTACTTCGACTCGCAGATGAGTTTGGTGTTGCAGTCGTCATCACAAACCAGGTTG 799 
                  * ***** ** ** ** ** ** *********** ** ** ** ***** ** ***** * 
 
D.polymorpha      TGGCACAAGTGGATGGTGCGGCCATGTTTTCTGCAGACCCC------------------- 460 
D.rerio           TAGCACAGGTGGACGGAGCAGCCATGTTTTCAGCAGATCCCAAGAAGCCTATTGGTGGAA 900 
H.sapiens         TAGCTCAAGTGGATGGAGCAGCGATGTTTGCTGCTGATCCCAAAAAACCTATTGGAGGAA 868 
X.laevis          TTGCCCAAGTAGATGGAGCCGCCATGTTTGCTGCTGATCCCAAGAAGCCCATTGGAGGAA 859 
                  * ** ** ** ** ** ** ** ****** * ** ** ***                    
 
Rad51R2 Rad51R3
Rad51R4
 
Fig. 3.2.4.2. ClustalW2 multiple sequence alignment of the nucleotides sequences of the Rad51 
of different invertebrate and vertebrate species and the primers designed. Asterix denotes 
homology. 
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3.2.5. Amplification of DNA by RT-PCR 
All the reactions were carefully prepared using autoclaved tubes and autoclaved 
disposable pipette tips in order to avoid contamination of the samples with foreign 
DNA. The reagents used were aliquoted to prevent degradation by repetitive 
thawing/freezing cycles. Oligonucleotide primers employed in the reaction were 
synthesized by Invitrogen Life Technologies and supplied in lyophilised form. In the 
laboratory, the primers were resuspended in molecular grade deionised water to a 
concentration of 50 µM. 
The standard PCRs performed in order to isolate the Rad51 mRNA in M. edulis 
were carried out in a volume of 25 µl consisting of 200 µM dNTPs, 10x Advantage 2 
PCR Buffer (40 mM Tricine-KOH pH 8.7, 15 mM KOAc, 3.5 mM Mg(OAc)2, 3.75 
µg/ml BSA, 0.005% Tween 20, 0.005% Nonidet-P40), 10-40 µg BSA per reaction, 1.5 
µM of each sense and antisense primers and 0.5 µl 50x Advantage 2 Polymerase Mix 
(Clontech). 
Amplifications were carried out in a Techne Thermal Cycler equipped with a 
heated lid. All reactions were initially denatured at 95°C for 1 min then 15 sec at 95°C 
denaturation, 15 sec at 48°C annealing and 1 min at 68°C elongation step. The last three 
steps were repeated 35 times followed by final step of holding at 4°C. Positive and 
negative controls were set up along side each set of PCR reactions. Negative controls 
consisted of all components of the PCR reaction excluding the template DNA while the 
positive controls were the reactions the primers for ribosomal gene 18s, which is 
sequenced for M. edulis. The former control was to ensure that there was no 
contamination, while the latter was to ensure that the reaction is working, the template 
DNA is not damaged. 
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For each amplification, an optimisation exercise was carried out in order to create 
the right conditions for the amplification of the targeted fragment. The oligonucleotide 
primers used, magnesium ion concentration, BSA concentration and ionic concentration 
of the buffer were the varied parameters of the reaction. Also the cycling strategy of 
denaturation, annealing and extension temperatures and duration of the steps were 
varied.  
 
3.2.6. Agarose gel electrophoresis of DNA 
Agarose gel electrophoresis was performed as described in section 2.2.6.  
 
3.2.7. Isolation of DNA fragments from agarose gel slices 
The gel areas containing the DNA fragments of interest were excised on the UV 
transluminator using a clean scalpel. The gel slice was placed into a pre-weighted clean 
1.5 ml plastic tube and processed according to the QIAquick Gel Extraction protocol 
(Qiagen Ltd.) described in section 2.2.7. 
 
3.2.8. DNA cleaning 
The PCR reaction at the end of the amplification is composed of a mixture of 
DNA fragments, residual oligonucleotide primers, unincorporated nucleotides and 
different salts and enzymes that were required for the amplification process.  In order to 
make our subsequent steps more efficient and specific, some of these ingredients were 
removed. The excess nucleotides, primers and any DNA fragment under 100 bp were 
removed using NucleoSpin Extract II PCR clean-up and Gel extraction Protocol 
(Macherey-Nagel). Briefly, volumes of NT buffer were added, mixed gently then 
applied to a silica membrane and centrifuged at 11,000 x g for 1 min. 600 µl NT3 buffer 
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were added to the column and centrifuged 1 min at 11,000 x g in order to remove any 
trace of “unwanted” material. The column was subsequently centrifuged for 2 min and 
then placed into a clean 1.5 ml tube. To elute the DNA, 15-50 µl NE (5mM Tris-HCl, 
pH 8.5) was applied to the centre of the membrane, left for 1 min and centrifuged 1 min 
at 11,000 x g. The sample was stored at –20°C. 
 
3.2.9. Cloning PCR-generated fragments of DNA 
The cloning technique allows us to separate different DNA fragments from a 
mixture and produce them in large quantities. To achieve this, we followed the DNA 
cloning method that uses bacterial plasmids. The pGEM®-T Easy plasmid vector 
(Promega Corporation) is used for the DNA cloning and has single 3’ deoxythymidine 
(T) residues and contain the resistance genes to ampicillin as well as the LacZα gene.  
The DNA fragment, helped by its deoxyadenosine (A) overhangs at the 3’ ends, is 
inserted into the plasmid DNA in the middle of the LacZα gene. 3 µl of PCR product 
purified as described in section 3.2.8 or processed as in section 3.2.7 were mixed on ice 
with 50 ng pGEM®-T vector, 5 µl 2X ligation buffer (60 mM Tris-HCl pH 7.8, 20 mM 
MgCl2, 20 mM DTT, 2 mM ATP and 10% polyethylene glycol) and 1 µl T4 DNA 
ligase (3.0 Weiss units/µl). The reaction was incubated overnight at 4°C. 
The vectors prepared as above were then ready to be transformed into JM109 E. 
coli competent cells strain, High Efficiency (Promega). 50 µl of frozen JM109 
competent cells were thawed on ice and mixed gently with the pipette tip with 2 µl of 
the ligation reaction. The vial was than incubated for 20 min on ice and then heat shock 
for exactly 45 sec at 42°C. The vial was then placed again on ice. 950 µl S.O.C. 
medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 
10 mM MgSO4, 20 mM glucose) was added to the reaction and incubated for 2-3 hr at 
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37°C into a shaking incubator at 150 rpm. The culture was plated onto LB agar plates 
(1.0% tryptone, 0.5% yeast extract, 1.0% NaCl, 15 g/l agar, pH 7.0) containing 
kanamycin (50 µg/ml) and X-gal in dimethyl formamide (40 µg/ml) and incubated 
overnight at 37°C. Single white colonies, indicating the presence of the plasmid in the 
cell because of the kanamycin resistance and disruption of the LacZα gene by the insert 
DNA, were picked using a sterile pipette tip and inoculated into 400-500 µl of LB broth 
(1.0% tryptone, 0.5% yeast extract, 1.0% NaCl, pH 7.0) containing 0.5 mg/ml 
ampicillin. The cultures were grown overnight into a shaking incubator at 37°C and 200 
rpm. 
 
3.2.10. Extraction and purification of plasmid DNA 
Plasmid DNA was extracted from E. coli cultures using NucleoSpin Plasmid 
DNA Purification Protocol (Macherey-Nagel), which is based on, an alkaline lysis of 
the cells followed by the absorption of plasmid DNA to the resin beads. Approximately 
1-5 ml of the E. coli cultures (see 3.2.9) was centrifuged for 2 min at 10,000 x g and the 
supernatant discarded. The pellet was resuspended in 250 µl Cell Resuspension Solution 
(50 mM Tris-HCl pH 7.5, 10 mM EDTA and 100 µg/ml RNase A) and mixed by 
inverting 4 times with 250 µl Cell Lysis Solution (0.2 M NaOH, 1% SDS). 10 µl of 
alkaline protease solution was added and mixed by inverting 4 times, then left in room 
temperature for 5 min. 350 µl Neutralisation Solution (1.32 M potassium acetate pH 
4.8) was then added and mixed by inverting the tube 4 times. The tube was centrifuged 
10 min at 10,000 x g and the supernatant mixed with 1 ml of resin in Wizard® Miniprep 
Column attached to a vacuum manifold. The sample was load into the column and 
washed with 1 ml of Column Wash Solution (80 mM potassium acetate, 8.3 mM Tris-
HCl pH 7.5, 40 mM EDTA, 55% ethanol). The column was removed from the vacuum 
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manifold and transferred to a micro centrifuge tube and centrifuged for 2 min at 10,000 
x g to remove any trace of wash solution. The plasmid DNA was eluted in a clean tube 
with 50 µl RNase free water by centrifugation and stored at –20°C. 
 
3.2.11. Enzymatic digestion of the plasmid DNA using EcoR I restriction enzymes 
In order to determine the size of the insert, the plasmid DNA was digested using 
EcoR I restriction enzyme (Promega Corporation) as described in section 2.2.12. The 
digestion products were analysed on an agarose gel as described in section 2.2.6. 
 
3.2.12. Sequencing the potential Rad51 containing sub-clones 
Approximately 1 µg plasmid DNA was processed as described in section 2.2.13. 
 
3.2.13. RACE Rapid amplification of cDNA ends  
The SMART TM RACE cDNA Amplification Kit (Takara Bio, Clontech) provides 
a method for performing both 5'- and 3'- rapid amplification of cDNA ends (RACE), 
allowing the isolation of the complete sequence of the target transcript (Fig. 3.2.13.1). 
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Fig. 3.2.13.1. Mechanism of SMART cDNA synthesis. First-strand synthesis is primed using a 
modified oligo (dT) primer. After reverse transcriptase reaches the end of the mRNA template, 
it adds several dC residues. The SMART II A Oligonucleotide anneals to the tail of the cDNA 
and serves as an extended template for MMLV RT. 
 
Following reverse transcription, the first-strand cDNA is used directly in 5' and 3' 
RACE PCR reactions. The gene specific primers designed for these reactions should be 
at least 23-28 nucleotides in length, have high melting points (≥65oC best result are 
obtained with melting points ≥70oC), have a GC content of 50-70% and have an area of 
overlap to act as a positive control for PCR reactions. Longer primers with greater 
melting points greater than 70oC give a better amplification in RACE PCR. Location of 
gene specific primers giving the best results should be chosen to give a product of 2kb 
or less (Fig. 3.2.13.2).    
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Fig. 3.2.13.2. Illustrating the relationship of the gene specific primers (GSPs) to the cDNA 
template. The gene specific primers designed will produce overlapping products. This overlap 
allows the gene specific primers together to give a positive control reaction in the PCR.  
 
3.2.13.1. RACE first strand cDNA Synthesis 
Using two 0.2 ml PCR tubes, >200 ng of total RNA was added to two separate 10 
µl reactions, of 3' and 5' first strand synthesis. In the 5' RACE ready cDNA tube, 3 µl of 
RNA sample, 1 µl of 5'-CDS primer, 1 µl SMART II A oligonucleotide and 5 µl of 
sterile H2O were added. To the 3' RACE ready cDNA tube, 3 µl of RNA sample, 1 µl of 
3'-CDS primer (Table 3.2.13.1.1) and 5 µl of sterile H2O were added. The content of 
both tubes were mixed briefly, spun and incubated at 70oC for 2 min in a thermal cycler. 
They were then cooled on ice for a 2 min and to each reaction tube was added 2 µl of 
5X first-strand buffer (250 mM Tris-HCl pH 8.3, 375 mM KCl and 30 mM MgCl2), 1 
µl DTT 20 mM, 1 µl dNTP mix 10 mM and 1 µl of PowerScript Reverse Transcriptase. 
The contents of each tube were mixed by pipetting, spun and incubated at 42oC for 1.5 
hr in a thermal cycler. To dilute the first-strand reaction product before use 20-100 µl of 
Tricine-EDTA (C6H13NO5-C10H16N2O8) buffer was added.  
 
 Table 3.2.13.1.1. RACE primer details (Clontech) 
Component Concn ! M  Sequence 5'-3' 
SMART II A 
Oligonucleotide 10 AAGCAGTGGTATCAACGCAGAGTACGCGGG 
3' RACE CDS 
primer 10 AAGCAGTGGTATCAACGCAGAGTAC(T)30V N* 
5' RACE CDS 
primer 10 (T)25V N* 
10 x Universal 
Primer Mix A 
0.4 CTAATACGACTCACTATAGGGCAAGCAGTGGTATCAACGCAGAGT 
0.2 CTAATACGACTCACTATAGGGC 
GSP 1 
(Invitrogen) 0.5 GCTGCTCCATCTACCTGTGCTACAACCTG 
GSP 2 
(Invitrogen) 0.5 GGGTGGAGGTGAAGGAAAAGCTTTA 
  
* N = A, C, G or T; V = A, G, or C 
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3.2.13.2. Amplification of RACE cDNA 
Gene specific primers were designed for the 5' and 3' RACE reactions. Sufficient 
master mix was prepared for all PCR reactions plus half, to ensure for sufficient 
volume. The same master mix was used for both 5' and 3' RACE reactions. For each 50 
µl reaction the following reagents were mixed:   
Master Mix      34.5 µl PCR grade water 
                           5 µl 10x Advantage 2 PCR Buffer 
                           1 µl dNTP Mix (10 mM) 
                           1 µl 50x Advantage 2 Polymerase Mix 
                          41.5 µl Total volume (mixed gently and centrifuged)   
For 5' RACE the PCR reactions were prepared as shown in (Table 3.2.13.2.1). 
Table 3.2.13.2.1. The component for the 5' RACE PCR reaction. 
Component 
GPS 1 only 
(- Control) 
UPM only 
(- Control) 
5' RACE 
Sample 
5' RACE Ready cDNA 2.5 µl 2.5 µl 2.5 µl 
UPM (10X) - 5 µl 5 µl 
GSP 1 (10mM) 1 µl - 1 µl 
H2O 5 µl 1 µl - 
Master Mix 41.5 µl 41.5 µl 41.5 µl 
  
For 3' RACE the PCR reactions were prepared as shown in (Table 3.2.13.2.2). 
Table 3.2.13.2.2. The component for the 3' RACE PCR reaction. 
Component 
GPS 2 only  
(- Control) 
UPM only  
(- Control) 
3' RACE 
 Sample 
3' RACE Ready cDNA 2.5 µl 2.5 µl 2.5 µl 
UPM (10X) - 5 µl 5 µl 
GSP 2 (10mM) 1 µl - 1 µl 
H2O 5 µl 1 µl - 
Master Mix 41.5 µl 41.5 µl 41.5 µl 
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Three steps PCR programme (Techne) was used in amplifying 5' and 3' RACE 
cDNA starting with activation the enzyme with an initial ''Hot start'' of 95oC for 1 min, 
followed by: 
a) 5 cycles: 94oC, 30''        b) 5 cycles: 94oC, 30''            c) 25 cycles: 94oC, 30''  
                                 70oC, 30''                           65oC, 30''                                  60oC, 30'' 
                                 72oC, 1'                              72oC, 1 '                                    72oC, 1' 
 
The reaction was incubated at 72oC for 2 min as a final extension and then 
maintained after completion at 4oC and stored at -20oC. PCR products were analysed 
and separated by gel electrophoresis. 
 
3.3. RESULTS 
3.3.1. Isolation of total RNA from M. edulis gonads 
The use of extraction method described in section 3.2.2 provided a high yield of 
good quality total RNA (A260 : A280 = 2.097). About 30 mg of tissue yielded 1421.2 
µg/ml total RNA. 
 
3.3.2. Rad51 mRNA amplification from M. edulis  
Several PCRs were conducted in order to isolate the Rad51 mRNA fragment from 
M. edulis. Different combinations of the designed primers (Table 3.2.4.2 and Fig. 
3.2.4.2) were used in reactions while other parameters were also varied (see 3.2.5). 
Using the template cDNA prepared with the specific forward primer Rad51F1 and the 
reverse primer Rad51R4, yielded a product of the expected size of 441 bp (Fig. 3.3.2.1).      
                     
Formatted: French (France)
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Fig. 3.3.2.1. Ethidium bromide stained 0.8 % agarose gel displaying PCR amplification 
products obtained using M. edulis cDNA as a template and the primer pair (expected product 
size – 441 bp). Lane L is the molecular size ladder, lane C is the negative control and lane S is 
the cDNA sample. 
 
3.3.3. Sequencing the isolated DNA fragments  
The sequencing results showed that the putative Rad51 441 bp fragment was 
similar to that reported in other species. The BLAST algorithm confirmed the deduced 
identity of the isolated fragment as a part of the Rad51 gene (Fig. 3.3.3.1). The 
ClustalW programme showed 77% similarity between the isolated fragment in M. edulis 
and H. sapiens Rad51 sequence and a range of similarity between 72-75% with D. 
rerio, X. laevis and D. polymorpha species. 
D.polymorpha      -TACAGGGAAGACACAGATTTGTCACACTCTGGCAGTCACCTGTCAGTTGCCGATAGACA 59 
D.rerio           GGACAGGAAAGACGCAGCTTTGTCACACACTAGCCGTCACCTGCCAGCTGCCCATAGATC 480 
X.laevis          GCACAGGAAAGACTCAGCTGTGTCACACTCTTGCTGTCACCTGTCAGCTTCCCATTGATA 439 
M.edulis          -------------------------------------------TCAGCTTCCTATAGATA 17 
H.sapiens         GAACTGGGAAGACCCAGATCTGTCATACGCTAGCTGTCACCTGCCAGCTTCCCATTGACC 448 
                                                              *** * ** ** **   
 
D.polymorpha      TGGGCGGTGGGGAAGGAAAATGCCTCTACATCGACACAGAAGGCACATTTAGGCCTGAAC 119 
D.rerio           AGGGTGGAGGTGAAGGAAAAGCCATGTACATTGACACTGAAGGAACTTTCCGTCCAGAGA 540 
X.laevis          GAGGTGGTGGTGAGGGCAAGGCTATGTACATTGATACAGAAGGAACCTTTCGTCCAGAAC 499 
M.edulis          TGGGTGGAGGTGAAGGAAAAGCTTTATACATTGATTCAGAGGGAACATTTAGACCAGAAA 77 
H.sapiens         GGGGTGGAGGTGAAGGAAAGGCCATGTACATTGACACTGAGGGTACCTTTAGGCCAGAAC 508 
                    ** ** ** ** ** **     * ***** **  * ** ** ** **  * ** **   
 
 
441 bp 
200 bp 
750 bp 
L S C 
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D.polymorpha      GTTTGCTAGCTGTGTCAGAGAGGTATGGCCTCTCTGGCAGTGATGTGTTGGACAATGTGG 179 
D.rerio           GACTGCTGGCTGTGGCTGAACGGTATGGTCTGGTGGGCAGTGATGTTCTGGATAACGTGG 600 
X.laevis          GTTTGCTTGCTGTAGCTGAAAGATATGGATTATCGGGAAGTGATGTTCTTGATAATGTTG 559 
M.edulis          GATTGTTAGCTGTTGCTGAAAGGTATGGTTTATCTGGAAGTGATGTTTTAGACAATGTAG 137 
H.sapiens         GGCTGCTGGCAGTGGCTGAGAGGTATGGTCTCTCTGGCAGTGATGTCCTGGATAATGTAG 568 
                  *  ** * ** **  * **  * *****  *    ** ********  * ** ** ** * 
 
D.polymorpha      CCTATGCGAGGGCGTACAACAGCGACCACCAATCACAGCTTCTCATCCAGGCAGCGGCCA 239 
D.rerio           CCTACGCCAGAGCCTTCAACACTGACCATCAAACACAGCTGCTGTATCAGGCCTCCGCTA 660 
X.laevis          CTTATGCCCGTGCCTTCAACACCGACCATCAGACCCAACTCTTGTACCAAGCGTCGGCCA 619 
M.edulis          CTTATGCTAGAGCCTACAATAGTGATCACCAAACCCAGCTGTTGGTACAGGCTGCTGCAA 197 
H.sapiens         CATATGCTCGAGCGTTCAACACAGACCACCAGACCCAGCTCCTTTATCAAGCATCAGCCA 628 
                  * ** **  * ** * *** *  ** ** **  * ** **  *    ** **  * ** * 
 
D.polymorpha      TGATGGCTGAATCACGGTACGCCCTCCTGGTAGTGGACAGTGCCACAGCTCTGTATAGGA 299 
D.rerio           TGATGACCGAGTCCAGATACGCTCTGCTGATAGTAGACAGCGCCACAGCTCTCTACAGGA 720 
X.laevis          TGATGGCAGAGTCAAGATACGCCCTTCTTATTGTGGACAGTGCGACTGCGCTCTACAGGA 679 
M.edulis          TGATGTCAGAATCTAGGTATGCTTTGTTGATAGTAGACAGTGCTACCTCTCTCTACAGAA 257 
H.sapiens         TGATGGTAGAATCTAGGTATGCACTGCTTATTGTAGACAGTGCCACCGCCCTTTACAGAA 688 
                  *****   ** **  * ** **  *  *  * ** ***** ** **  * ** ** ** * 
 
D.polymorpha      CAGACTACTCTGGTAGAGGGGAGCTCGCTGCTAGACAGATGCACCTGGCACGCTTCTTGA 359 
D.rerio           CAGATTACTCGGGACGAGGGGAGCTGTCTGCCCGACAGGGGCATCTGGGACGCTTTCTGC 780 
X.laevis          CGGATTATTCTGGGAGAGGGGAGCTTTCAGCACGTCAGATGCATCTGGCACGCTTTCTTA 739 
M.edulis          CAGATTATTCAGGTCGAGGAGAATTGTCAGCGAGACAAATGCATTTAGCCAGATTTCTGA 317 
H.sapiens         CAGACTACTCGGGTCGAGGTGAGCTTTCAGCCAGGCAGATGCACTTGGCCAGGTTTCTGC 748 
                  * ** ** ** **  **** **  *  * **  * **   ***  * *   * **  *   
 
D.polymorpha      GAATGCTTCTCCGACTAGCAGACGAGTTTGGTGTTGCCGTGGTGATCACAAACCAGGTGG 419 
D.rerio           GTATGCTGCTGCGTCTCGCTGATGAGTTTGGTGTGGCTGTCGTCATCACTAACCAGGTTG 840 
X.laevis          GAATGCTACTTCGACTCGCAGATGAGTTTGGTGTTGCAGTCGTCATCACAAACCAGGTTG 799 
M.edulis          GAATGTTGTTGAGATTAGCTGATGAGTATGGAGTAGCAGTGGTAATCACTAATCAGGTTG 377 
H.sapiens         GGATGCTTCTGCGACTCGCTGATGAGTTTGGTGTAGCAGTGGTAATCACTAATCAGGTGG 808 
                  * *** *  *  *  * ** ** **** *** ** ** ** ** ***** ** ***** * 
 
D.polymorpha      TGGCACAAGTGGATGGTGCGGCCATGTTTTCTGCAGACCCC------------------- 460 
D.rerio           TAGCACAGGTGGACGGAGCAGCCATGTTTTCAGCAGATCCCAAGAAGCCTATTGGTGGAA 900 
X.laevis          TTGCCCAAGTAGATGGAGCCGCCATGTTTGCTGCTGATCCCAAGAAGCCCATTGGAGGAA 859 
M.edulis          TAGCACAGGTAGATGGAGCAGCA------------------------------------- 400 
H.sapiens         TAGCTCAAGTGGATGGAGCAGCGATGTTTGCTGCTGATCCCAAAAAACCTATTGGAGGAA 868 
                  * ** ** ** ** ** ** **                                       
 
Fig. 3.3.3.1. An alignment of the isolated Rad51 fragment from M. edulis with Rad51 in 
different invertebrate and vertebrate species showed high homology. Asterix denotes homology.   
 
3.3.4. Rad51 amplification using mussel 5' and 3' RACE cDNA template 
Several PCRs were conducted in order to isolate the remainder of the Rad51 
mRNA from M. edulis. 5' and 3' RACE cDNA were prepared with the GSP1 and GSP2 
and a smear was observed including a product of a size 800bp obtained in 5' RACE 
PCR (Fig. 3.3.4.1). 
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Fig. 3.3.4.1. Ethidium bromide stained 0.8 % agarose gel displaying RACE PCR amplification 
product, lane S, obtained using M. edulis 5' RACE cDNA as a template and the gene specific 
primer GSP 1(a product size – 800 bp). Lane L is the molecular size ladder. 
 
3.3.5. Characterization of the 5' RACE Rad51 fragment  
The sequencing results showed that the putative Rad51 800 bp fragment was 
similar to the Rad51 sequence in other species. The BLAST algorithm confirmed the 
identity of the isolated fragment as a part of the Rad51 gene. Specifically, there was 
70% similarity with D. polymorpha and D. rerio species and a 69% with H. sapiens and 
X. laevis species (Fig. 3.3.5.1). 
 
-ve 
800 bp 
L S 
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H.sapiens         GCCAGGCAGATGCACTTGGCCAGGTTTCTGCGGATGCTTCTGCGACTCGCTGATGAGTTT 777 
X.laevis          GCACGTCAGATGCATCTGGCACGCTTTCTTAGAATGCTACTTCGACTCGCAGATGAGTTT 768 
D.polymorpha      GCTAGACAGATGCACCTGGCACGCTTCTTGAGAATGCTTCTCCGACTAGCAGACGAGTTT 388 
D.rerio           GCCCGACAGGGGCATCTGGGACGCTTTCTGCGTATGCTGCTGCGTCTCGCTGATGAGTTT 774 
M.edulis          GCTAGACAAGTGCATTTAGCCAGATTTCTGAGAATGTTGTTGAGATTAGCTGATGAGTAT 780 
                  **  * **   ***  * *   * **  *  * *** *  *  *  * ** ** **** * 
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H.sapiens         GGTGTAGCAGTGGTAATCACTAATCAGGTGGTAGCTCAAGTGGATGGAGCAGCGATGTTT 837 
X.laevis          GGTGTTGCAGTCGTCATCACAAACCAGGTTGTTGCCCAAGTAGATGGAGCCGCCATGTTT 828 
D.polymorpha      GGTGTTGCCGTGGTGATCACAAACCAGGTGGTGGCACAAGTGGATGGTGCGGCCATGTTT 448 
D.rerio           GGTGTGGCTGTCGTCATCACTAACCAGGTTGTAGCACAGGTGGACGGAGCAGCCATGTTT 834 
M.edulis          GGAGTAGCAGTGGTAATCACTAATCAGGTTGTAGCACAGGTAGATGGAGCAGCAAGCC-- 838 
                  ** ** ** ** ** ***** ** ***** ** ** ** ** ** ** ** ** *      
 
H.sapiens         GCTGCTGATCCCAAAAAACCTATTGGAGGAAATATCATCGCCCATGCATCAACAACCAGA 897 
X.laevis          GCTGCTGATCCCAAGAAGCCCATTGGAGGAAATATTATAGCACATGCATCAACTACACGG 888 
D.polymorpha      TCTGCAGACCCC------------------------------------------------ 460 
D.rerio           TCAGCAGATCCCAAGAAGCCTATTGGTGGAAATATTCTGGCACACGCATCAACTACACGG 894 
M.edulis          ------------------------------------------------------------ 
                                                                               
H.sapiens         TTGTATCTGAGGAAAGGAAGAGGGGAAACCAGAATCTGCAAAATCTACGACTCTCCCTGT 957 
X.laevis          TTATATCTGAGGAAAGGCCGCGGTGAAACGCGTATCTGCAAAATCTACGACTCCCCCTGC 948 
D.polymorpha      ------------------------------------------------------------ 
D.rerio           TTATACCTTAGGAAAGGCAGAGGTGAGACGAGGATATGTAAGATCTATGACTCTCCGTGT 954 
M.edulis          ------------------------------------------------------------ 
                                                                               
H.sapiens         CTTCCTGAAGCTGAAGCTATGTTCGCCATTAATGCAGATGGAGTGGGAGATGCCAAAGAC 1017
X.laevis          CTCCCCGAAGCAGAGGCTATGTTTGCAATTAATGCTGATGGAGTGGGAGATGCCAAGGAC 1008
D.polymorpha      ------------------------------------------------------------ 
D.rerio           TTACCAGAGGCCGAGGCCATGTTTGCCATTAATGCTGATGGAGTGGGAGATGCTAAAGAC 1014
M.edulis          ------------------------------------------------------------ 
                                                                               
H.sapiens         TGA 1020 
X.laevis          TGA 1011 
D.polymorpha      --- 
D.rerio           TGA 1017 
M.edulis          --- 
 
Fig. 3.3.5.1. An alignment of the isolated RACE Rad51 nucleotide from M. edulis represents the 
homology with different invertebrate and vertebrate species. Asterix denotes homology. 
 
Translation of the fragment of the isolated M. edulis RACE Rad51 fragment and 
alignment with published Rad51 sequences using ClustalW, showed 87% similarity 
between the M. edulis and D. polymorpha Rad51 sequence and a range of similarity 
between 81-83% with the H. sapiens, D. rerio and X. laevis species (Fig. 3.3.5.2). 
 
H.sapiens         MAM-QMQLEANADTSVEEESFGPQPISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKE 59 
X.laevis          MAM-QAHYEAEAT---EEEHFGPQAISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKE 56 
D.rerio           MRN-ASRVEVEAEVE-EEENFGPQPVSRLEQSGISSSDIKKLEDGGFHTVEAVAYAPKKE 58 
D.polymorpha      ------------------------------------------------------------ 
M.edulis          MAMQQSRQQASAQAEETEETFGPLPLKQLEANGIGASDIKKLEEAGYFTVEAVAYAPKKS 60 
                                                                               
 
H.sapiens         LINIKGISEAKADKILAEAAKLVPMGFTTATEFHQRRSEIIQITTGSKELDKLLQGGIET 119 
X.laevis          LLNIKGISEAKAEKILAEAAKLVPMGFTTATEFHQRRSEIIQISTGSKELDKLLQGGVET 116 
D.rerio           LLNIKGISEAKADKILTEAAKMVPMGFTTATEFHQRRAEIIQISTGSKELDKLLQGGIET 118 
D.polymorpha      ------------------------------------------------------------ 
M.edulis          LLVIKGISGAKADKILAEAAKLVPMGFTTATEFHQKRSEIIQITTGSKELDKLLQGGIET 120 
                                                                               
 
H.sapiens         GSITEMFGEFRTGKTQICHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYG 179 
X.laevis          GSITEMFGEFRTGKTQLCHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYG 176 
D.rerio           GSITEMFGEFRTGKTQLCHTLAVTCQLPIDQGGGEGKAMYIDTEGTFRPERLLAVAERYG 178 
D.polymorpha      -----------TGKTQICHTLAVTCQLPIDMGGGEGKCLYIDTEGTFRPERLLAVSERYG 49 
M.edulis          GSITEIFGEFRTGKTQLTHTLAVTCQLPIDMGGGEGKALYIDSEGTFRPERLLAVAERYG 180 
                             *****: ************ ******.:***:************:**** 
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H.sapiens         LSGSDVLDNVAYARAFNTDHQTQLLYQASAMMVESRYALLIVDSATALYRTDYSGRGELS 239 
X.laevis          LSGSDVLDNVAYARAFNTDHQTQLLYQASAMMAESRYALLIVDSATALYRTDYSGRGELS 236 
D.rerio           LVGSDVLDNVAYARAFNTDHQTQLLYQASAMMTESRYALLIVDSATALYRTDYSGRGELS 238 
D.polymorpha      LSGSDVLDNVAYARAYNSDHQSQLLIQAAAMMAESRYALLVVDSATALYRTDYSGRGELA 109 
M.edulis          LSGSDVLDNVAYARAYNSDHQTQLLVQAAAMMSESRYALLIVDSATSLYRTDYSGRGELS 240 
                  * *************:*:***:*** **:*** *******:*****:************: 
 
H.sapiens         ARQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNIIAHASTTR 299 
X.laevis          ARQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNIIAHASTTR 296 
D.rerio           ARQGHLGRFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFSADPKKPIGGNILAHASTTR 298 
D.polymorpha      ARQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFSADP---------------- 153 
M.edulis          ARQVHLARFLRMLLRLADEYGVAVVITNQVVAQVDGAAS--------------------- 279 
                  *** **.************:******************                       
 
H.sapiens         LYLRKGRGETRICQIYDSPCLPEAEAMFAINADGVGDAKD 339 
X.laevis          LYLRKGRGETRICKIYDSPCLPEAEAMFAINADGVGDAKD 336 
D.rerio           LYLRKGRGETRICKIYDSPCLPEAEAMFAINADGVGDAKD 338 
D.polymorpha      ---------------------------------------- 
M.edulis          ---------------------------------------- 
 
Fig. 3.3.5.2. An alignment of the predicted M. edulis Rad51 protein with Rad51 of different 
vertebrate and invertebrate species represents high homology. Asterix denotes homology. 
 
The sequence was submitted to GenBank database and can be retrieved using 
accession number FJ518826 (Fig. 3.3.5.3). 
5’…ctagagcggcatgtgagccagcatatagatgtcacctagacctcacggttacctagtccgctagtgggaatttgacgatacatcaacagaaacg
ctaggcagatacgcagctggtacgatcgatcatagtacgcggcagttgctgatcgctagcagtgtatcacgcagagtacgcggggtatatgtggcgga
cgtctgattttagattgtaacatgtgaaactttacaaatgactaaatagtttactaaacacagagaataaactcgacctctatagatatacttttaattta
aagatagctagacaagaagaagcgtgttggattaagtgtacaggctacagccagtaaattttcagatctttatcatcttcacgtttaacatggcaatgc
aacaatctcgtcaacaagcctcagcacaagcagaagaaactgaagaaacctttggaccattgcccttaaagcaattagaggcaaatggtattggtgc
atcagatataaagaagctagaagaagctggttacttcacagtagaggcagtggcatatgcaccaaagaagagtcttttagttatcaaaggaatcagt
ggagctaaagctgataagatattggcagaagctgctaaactggtacctatgggtttcacaacagcaacagaatttcatcagaaaagatcagaaatta
ttcaaatcacaactggttctaaagagttggataaactattgcaaggtggcattgagactgggtcaattacagaaatatttggagagtttaggacaggta
aaacacagctgacccacacattggcagttacctgtcagcttcctatagatatgggtggaggtgaaggaaaagctttatacattgattctgagggaaca
tttagaccagaaagattgttagctgttgctgaaaggtatggtttatctggaagtgatgttttagacaatgtagcttatgctagagcctacaatagtgatc
accaaacccagctgttggtacaggctgctgcaatgatgtcagaatctaggtatgctttgttgatagtagacagtgctacctctctctacagaacagatta
ttcaggtcgaggagaattatcagctagacaagtgcatttagccagatttctgagaatgttgttgagattagctgatgagtatggagtagcagtggtaat
cactaatcaggttgtagcacaggtagatggagcagcaagcc…3’ 
 
Fig. 3.3.5.3. Nucleotide sequence of the M. edulis putative Rad51 fragment isolated. 
 
3.4. DISCUSSION  
The aim of this section was to isolate and sequence the Rad51 cDNA from the 
blue mussel M. edulis using rael-time PCR techniques. After several attempts, a M. 
edulis partial Rad51 cDNA sequence was amplified encoding a putative 279 amino acid 
protein (FJ518826). The BLAST algorithm confirmed the identity of the isolated 
fragment as a part of a putative RAD51 (Fig. 3.3.5.2). It shares 87% similarity with 
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Rad51 in D. polymorpha and 83% with the human. The sequence also shares 81% 
similarity with the Rad51 of D. rerio, X. laevis.  
The deduced amino acid sequence is part of a conserved area, the putative ATP 
binding domains that contains the conserved Walker A (GEFRTGKT) and Walker B 
(LLIVD) motifs, characteristic of a P-loop NTPase superfamily (Thompson and Schild, 
1999; Shin et al., 2003) (Fig. 3.4.1). The Walker A and B motifs bind the beta-gamma 
phosphate moiety of the bound nucleotide (typically ATP or GTP) and the Mg2+ cation, 
respectively. The P-loop NTPases are involved in diverse cellular functions, and they 
can be divided into two major structural classes: the KG (kinase-GTPase) class which 
includes Ras-like GTPases and the additional strand catalytic E (ASCE) class which 
includes ATPase Binding Cassette (ABC) 4Fe-4S iron sulfur cluster binding proteins of 
NifH family, RecA-like F1-ATPases, and ATPases Associated with a wide variety of 
Activities (AAA). Also included is a diverse set of nucleotide/nucleoside kinase 
families. More conservation of amino acids were predicted to mediate Rad51 filament 
formation in RecA-like recombinases, the Breast Cancer 2 susceptibility protein 
(BRCA2) interacts with RAD51 at residues phe 86 and ala 89 in H. sapiens (Pellegrini 
et al., 2002). 
H.sapiens         MAM-QMQLEANADTSVEEESFGPQPISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKE 59 
X.laevis          MAM-QAHYEAEAT---EEEHFGPQAISRLEQCGINANDVKKLEEAGFHTVEAVAYAPKKE 56 
D.rerio           MRN-ASRVEVEAEVE-EEENFGPQPVSRLEQSGISSSDIKKLEDGGFHTVEAVAYAPKKE 58 
D.polymorpha      ------------------------------------------------------------ 
M.edulis          MAMQQSRQQASAQAEETEETFGPLPLKQLEANGIGASDIKKLEEAGYFTVEAVAYAPKKS 60 
                                                                               
H.sapiens         LINIKGISEAKADKILAEAAKLVPMGFTTATEFHQRRSEIIQITTGSKELDKLLQGGIET 119 
X.laevis          LLNIKGISEAKAEKILAEAAKLVPMGFTTATEFHQRRSEIIQISTGSKELDKLLQGGVET 116 
D.rerio           LLNIKGISEAKADKILTEAAKMVPMGFTTATEFHQRRAEIIQISTGSKELDKLLQGGIET 118 
D.polymorpha      ------------------------------------------------------------ 
M.edulis          LLVIKGISGAKADKILAEAAKLVPMGFTTATEFHQKRSEIIQITTGSKELDKLLQGGIET 120 
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H.sapiens         GSITEMFGEFRTGKTQICHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYG 179 
X.laevis          GSITEMFGEFRTGKTQLCHTLAVTCQLPIDRGGGEGKAMYIDTEGTFRPERLLAVAERYG 176 
D.rerio           GSITEMFGEFRTGKTQLCHTLAVTCQLPIDQGGGEGKAMYIDTEGTFRPERLLAVAERYG 178 
D.polymorpha      -----------TGKTQICHTLAVTCQLPIDMGGGEGKCLYIDTEGTFRPERLLAVSERYG 49 
M.edulis          GSITEIFGEFRTGKTQLTHTLAVTCQLPIDMGGGEGKALYIDSEGTFRPERLLAVAERYG 180 
                             *****: ************ ******.:***:************:**** 
 
H.sapiens         LSGSDVLDNVAYARAFNTDHQTQLLYQASAMMVESRYALLIVDSATALYRTDYSGRGELS 239 
X.laevis          LSGSDVLDNVAYARAFNTDHQTQLLYQASAMMAESRYALLIVDSATALYRTDYSGRGELS 236 
D.rerio           LVGSDVLDNVAYARAFNTDHQTQLLYQASAMMTESRYALLIVDSATALYRTDYSGRGELS 238 
D.polymorpha      LSGSDVLDNVAYARAYNSDHQSQLLIQAAAMMAESRYALLVVDSATALYRTDYSGRGELA 109 
M.edulis          LSGSDVLDNVAYARAYNSDHQTQLLVQAAAMMSESRYALLIVDSATSLYRTDYSGRGELS 240 
                  * *************:*:***:*** **:*** *******:*****:************: 
H.sapiens         ARQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNIIAHASTTR 299 
X.laevis          ARQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFAADPKKPIGGNIIAHASTTR 296 
D.rerio           ARQGHLGRFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFSADPKKPIGGNILAHASTTR 298 
D.polymorpha      ARQMHLARFLRMLLRLADEFGVAVVITNQVVAQVDGAAMFSADP---------------- 153 
M.edulis          ARQVHLARFLRMLLRLADEYGVAVVITNQVVAQVDGAAS--------------------- 279 
                  *** **.************:******************                       
 
H.sapiens         LYLRKGRGETRICQIYDSPCLPEAEAMFAINADGVGDAKD 339 
X.laevis          LYLRKGRGETRICKIYDSPCLPEAEAMFAINADGVGDAKD 336 
D.rerio           LYLRKGRGETRICKIYDSPCLPEAEAMFAINADGVGDAKD 338 
D.polymorpha      ---------------------------------------- 
       M.edulis          ---------------------------------------- 
 
Fig. 3.4.1. Multiple sequence alignment of the deduced amino acid sequence of Rad51 M. edulis 
(GenBank Accession no. FJ518826) and other available Rad51 sequences. Prediction of 
conserved domains was conducted using (www.ncbi.CDD), Bold is for ATP binding domain, 
Italic is for Walker A motif domain, underline is for Walker B motif domain and grey shadowed 
is for multimer breast cancer repeat complex (BRC) interface. Asterix denotes homology. 
 
In summary, the work presented in this chapter show the isolation of a fragment 
of the Rad51 cDNA from M. edulis. Using this sequence information it is now possible 
to develop an assay of RAD51 mRNA expression to determine its role in the cells 
response to external damaging DSB agents such as IR. 
 
 
 
 
 
 
 
 
 
 
 
 
 78
 
 
Chapter 4 
 Isolation and Characterization of M. edulis Chk1 mRNA 
 
4.1. INTRODUCTION  
Cell cycle checkpoints are control mechanisms that ensure the fidelity of cell 
division in eukaryotic cells. An important function of many checkpoints is to assess 
DNA damage, which is detected by sensor mechanisms. When damage is found, the 
checkpoint uses a signal mechanism to stall the cell cycle until repairs are made. All the 
checkpoints that assess DNA damage appear to utilize the same sensor-signal-effector 
mechanism. In response to irradiation, most yeast cells will arrest the cell cycle, repair 
the damage, and then continue. A cell that cannot repair the damage will arrest and may 
enter the apoptosis process (Dewey et al., 1995). A cell that can repair the damage but 
can't arrest will go on to divide, with lethal consequences (Elledge, 1996; Kastan and 
Bartek, 2004). 
In most species blocking mitosis in response to damaged DNA occurs through 
inhibiting activation of the cyclic dependent kinase Cdc2, which regulates entry into 
mitosis. Cell cycle checkpoint kinase 1 (Chk1) acts downstream of ATM/ATR kinase to 
play an important role in DNA damage checkpoint control, embryonic development and 
tumour suppression (Liu et al., 2000, Sorensen et al., 2005). Activation of Chk1 
involves phosphorylation of Ser317 and Ser345 and occurs in response to blocked DNA 
replication and certain forms of genotoxic stress (Zhao and Piwnica-Worms, 2001). 
Chk1 exerts it checkpoint mechanism on the cell cycle by regulating the cdc25 family of 
phosphatases. Chk1 phosphorylation of cdc25A targets it for proteolysis and inhibits its 
activity (Chen et al., 2003). Activated Chk1 can inactivate cdc25C via phosphorylation 
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at Ser216, blocking the activation of cdc2 and 
transition into mitosis (Zeng et al., 1998) (Fig. 
4.1.1). Chk1 belongs to Serine/Threonine 
protein kinases (S-TKc), which is a member of 
the superfamily (PKc-like Super-family). The 
enzymatic activity of these protein kinases is 
controlled by phosphorylation of specific 
residues in the activation segment of the 
catalytic domain. 
Chk1 has been isolated from several 
vertebrate species such as amphibians and 
mammals (Sanchez et al., 1997; Kumagai et 
al., 1998; Kudoh et al., 2001; Zachos et al., 2003; Zimin et al., 2009), also from a few 
invertebrate species including nematodes and arthropods (Adams et al., 2000; Kamath 
et al., 2003) (Table 4.1.1). 
Table 4.1.1. A summary of Chk1 homologs isolated from vertebrate and invertebrate species. 
Phylum Species Accession ID Name 
Arthropoda D. melanogaster NP_723987 grapes, isoform D 
Nematoda Caenorhabditis elegans AAA93318 serine/threonine kinase 
“ Trichinella spiralis EFV50610 serine/threonine-protein kinase Chk1 
Chordata D. rerio NP_956487 serine/threonine-protein kinase Chk1 
“ X. laevis NP_001082039 NP_001082040 
serine/threonine-protein 
kinase Chk1 
“ G. gallus Q8AYC9 Serine/threonine-protein kinase Chk1 
“ Bos taurus NP_001091492 XP_591405 
serine/threonine-protein 
kinase Chk1 
“ Pan troglodytes XP_001146525 CHK1 checkpoint homolog isoform 7 
“ M. musculus AAC53334 Chk1 
“ R. norvegicus Q91ZN7 Serine/threonine-protein kinase Chk1 
“ H. sapiens AAC51736 Chk1 
ATM ATR 
p53 
CDC2 p21 
CDK2 
CDC25 
hChk1 
Fig. 4.1.1. Role of Chk1 in cell cycle 
and DNA damage response. 
 
hChk2 
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Chk1 mRNA expression is used in yeast as a biomarker in response of IR (Watson 
et al., 2004). In other studies, cell cycle checkpoint mechanisms, including Chk1, are 
used as an important kinase activity in sensing DSB damage (Peng and Lin, 2011). 
Studies using mammalian cells have shown that errors in cell cycle checkpoints can lead 
to genomic instability (Deng, 2006; Shen, 2011). This relationship between cell cycle 
checkpoints and DNA repair with the concept of mRNA expression can therefore be 
considered a future aim to achieve a sensitive biomarker of IR exposure in the aquatic 
environment.  
This chapter presents the isolation and characterization of the cell cycle 
checkpoint kinase, Chk1, mRNA from the marine mussel M. edulis. 
 
4.2. MATERIALS AND METHODS 
4.2.1. Animals 
 The mussels (M. edulis) were collected and processed as described in section 
3.2.1. 
 
4.2.2. Total RNA isolation and purification from mussel gonadal tissue 
 The total RNA extraction from mussel gonads was carried out following the 
protocol described in section 3.2.2 and stored at -20oC until further processing. 
 
4.2.3. Quantification of total RNA 
RNA concentration was determined by a QubitTM fluorometer (Invitrogen 
Detection Technologies) (see section 2.2.8).  
 
4.2.4. First strand synthesis of cDNA  
cDNA was synthesised from DNase treated total RNA following the protocol 
described in section 3.2.3 and stored at –20oC. 
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4.2.5. Oligonucleotide primer design 
The oligonucleotide primers used were designed using aligned fragments of Chk1 
mRNA from related species available on GenBank (Table 4.2.5.1).  
 
Table 4.2.5.1. Chk1 Protein accession numbers in different species. 
Species Protein ID 
H. sapiens AF016582.1 
X. laevis AB019218.1 
D. rerio NM_200193.1 
X. tropicalis CR848200.2 
                               
The Chk1 sequences available in GenBank were aligned using the computer 
program CLUSTALW, and the areas with the greatest homology were used for 
designing primers. The primers (Chk1F1, Chk1F2, Chk1R) were designed aligning the 
Chk1 protein sequence from different organisms and based on areas of homology (Fig. 
4.2.5.1). 
 
 
X.laevis          MAVPFVEDWDLVQTLGEGAYGEVQLAVNRKTEEAVAVKIVDMTRAADCPENIKKEICINR 60 
X.tropicalis      MAVPFVEDWDLVQTLGEGAYGEVQLAVNRKTEEAVAVKIVDMTRAADCPENIKKEICINR 60 
H.sapiens         MAVPFVEDWDLVQTLGEGAYGEVQLAVNRVTEEAVAVKIVDMKRAVDCPENIKKEICINK 60 
D.rerio           MAVPFVKDWDVVQTLGEGAYGEVRLLVNKKTEEAVAVKVVDMAKAKDCIENVKKEVCICK 60 
                  ******:***:************:* **: ********:*** :* ** **:***:** : 
 
X.laevis          MLSHTNIVRFYGHRREGNIQYLFLEYCRGGELFDRIEPDVGMPEQDAQKFFQQLIAGVEY 120 
X.tropicalis      MLNHTNIVRFYGHRREGNIQYLFLEYCRGGELFDRIEPDVGMPEQDAQKFFQQLIAGVEY 120 
H.sapiens         MLNHENVVKFYGHRREGNIQYLFLEYCSGGELFDRIEPDIGMPEPDAQRFFHQLMAGVVY 120 
D.rerio           MLSHPNIVRFFG------------------------------------------------ 72 
                  **.* *:*:*:*                                                 
 
X.laevis          LHSIGITHRDIKPENLLLDERDQLKISDFGLATVFRHNGKERLLSKMCGTLPYVAPELIK 180 
X.tropicalis      LHSIGITHRDIKPENLLLDDRDHLKISDFGLATVFRHNAKERLLNKMCGTLPYVAPELIK 180 
H.sapiens         LHGIGITHRDIKPENLLLDERDNLKISDFGLATVFRYNNRERLLNKMCGTLPYVAPELLK 180 
D.rerio           -HSVGITHRDIKPENILLDDKDNLKISDFGLATMFRHRGRERALNRLCGTLPYVAPELMS 131 
                   *.:***********:***::*:**********:**:. :** *.::***********:. 
 
X.laevis          SRAFHADPVDVWSCGIVLTAMLAGELPWDQPNEVCQEYCDWKEKNHYL--TKKISATLLA 238 
X.tropicalis      SRAFNAEP---------------------------------------------------- 188 
H.sapiens         RREFHAEPVDVWSCGIVLTAMLAGELPWDQPSDSCQEYSDWKEKKTYLNPWKKIDSAPLA 240 
D.rerio           RSSFNAQPADTWACGIVLTAMLAGELPWDQPSENCQEYLDWLERKTYLTPWKKIDAVPLS 191 
                     *:*:*                                                     
 
Chk1F1 Chk1F2
Chk1R1
 
Fig. 4.2.5.1. ClustalW2 multiple sequence alignment of the deduced amino acid sequences of 
the Chk1 of different species showing the designed degenerated primers. Asterix denotes 
homology. 
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The designed primers were degenerate as a consequence of the redundancy in the 
codification of amino acids (Table 4.2.5.2).  
Table 4.2.5.2. Oligonucleotide sequences used as primers for the amplification of Chk1 mRNA. 
Primer name Primer sequence TM°C %GC 
Forward  
Chk1F1 GGR GAR GGD GCM TAT GGA GAR 52°C 58 
Chk1F2 GAA GAR GCD GTV GCR GTG 47°C 61 
Reverse  Chk1R1 GGD GCA ACA TAK GGH ARR GTW CC 52°C 52 
 
4.2.6. Amplification of cDNA by RT-PCR 
The standard PCRs performed in order to isolate the Chk1 mRNA in M. edulis 
were carried out as described in section 3.2.5. Amplifications were carried out in a 
Techne Thermal Cycler equipped with a heated lid. All reactions were initially 
denatured at 95°C for 1 min then 15 sec at 95°C denaturation, 15 sec at 55°C annealing 
and 1 min at 68°C elongation step. The last three steps were repeated 35 times followed 
by a final elongation step for 10 sec at 70°C then final step of holding at 4°C. 
 
4.2.7. Agarose gel electrophoresis of DNA 
 Agarose gel electrophoresis was performed as described in section 2.2.6.  
 
4.2.8. Isolation of DNA fragments from agarose gel slices 
 The gel areas containing the DNA fragments of interest were excised on the UV 
transluminator using a clean scalpel. The gel slice was placed into a pre-weighted clean 
1.5 ml plastic tube and processed according to the NucleoSpin Extract II PCR clean-up 
and Gel Extraction protocol (Macherey-Nagel). The buffer role is in solubilisation of 
the gel slice and in creating the binding conditions of the DNA to the NucleoSpin 
Extract II Columns silica-gel membrane. This step was allowed by the addition of 200 
µl Buffer NT (containing guanidine thiocyanate) to each 100 mg of agarose gel and 
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incubation of 10 min at 50°C flicking the tube periodically to dissolve the gel slice. 
After that transfer the dissolved gel to NucleoSpin Extract II Columns silica-gel 
membrane and centrifuge for 1 min at 11,000 x g. 600 µl NT3 buffer (containing 
chaotropic salt) were added to the column and centrifuged 1 min at 11,000 x g in order 
to remove any trace of agarose. The column was subsequently centrifuged for 2 min to 
eliminate any trace of NT3 buffer that might interfere with downstream application and 
then placed into a clean 1.5 ml tube. To elute the DNA, 15-50 µl NE (5 mM Tris-HCl, 
pH 8.5) was applied to the centre of the membrane, left for 1 min and centrifuged 1 min 
at 11,000 x g. The sample was stored at –20°C. 
 
4.2.9. Cloning PCR-generated fragments of DNA 
The linearized TA plasmid vector pCR®2.1 (Invitrogen Life Technologies) used 
for the DNA cloning has single 3’ deoxythymidine (T) residues and contain the 
resistance genes to kanamycin and ampicillin as well as the LacZα gene. 7 µl of 
extracted gel processed as in section 4.2.8 were mixed on ice with 25 ng pCR2.1 vector, 
1 µl 10X ligation buffer (60 mM Tris-HCl pH 7.5, 60 mM MgCl2, 50 mM NaCl, 1 
mg/ml BSA, 70 mM β-mercaptoethanol, 1 mM ATP, 20 mM DTT and 10 mM 
spermidine) and 1 µl T4 ligase (4.0 Weiss units/µl). The reaction was incubated 
overnight at 14°C. 
The vectors prepared as above were then ready to be transformed into JM109 E. 
coli competent cells strain, High Efficiency (Promega). 30 µl of frozen JM109 
competent cells were thawed on ice and mixed gently with the pipette tip with 2 µl of 
the ligation reaction. The vial was than incubated for 20 min on ice and then heat shock 
for exactly 45 sec at 42°C. The vial was then placed again on ice. 250 µl S.O.C. 
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medium (2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 
10 mM MgSO4, 20 mM glucose) was added to the reaction and incubated for 2-3 hrs at 
37°C into a shaking incubator at 150 rpm. The culture was plated onto LB agar plates 
(1.0% tryptone, 0.5% yeast extract, 1.0% NaCl, 15 g/l agar, pH 7.0) containing 
kanamycin (50 µg/ml) and X-gal in dimethyl formamide (40 µg/ml) and incubated 
overnight at 37°C. Single white colonies, indicating the presence of the plasmid in the 
cell because of the kanamycin resistance and disruption of the LacZα gene by the insert 
DNA, were picked using a sterile pipette tip and inoculated into 400-500 µl of LB broth 
(1.0% tryptone, 0.5% yeast extract, 1.0% NaCl, pH 7.0) containing 0.5 mg/ml 
kanamycin. The cultures were grown overnight into a shaking incubator at 37°C and 
200 rpm. 
 
4.2.10. Sequencing the potential Chk1 gene-containing sub-clones 
Separate PCRs were performed for each one of the cultures using T7 and M13-
Reverse priming sites that allowed the amplification of the plasmid with the sequence 
inserted.  
Amplifications were carried out in a Piko Thermal Cycler (Finnzymes 
Instruments) consisting of 200 µM dNTPs, 0.75 units of Taq DNA Polymerase (Fisher 
Scientific, Leicestershire, U.K.), 3 µl of Fisher 10x Buffer A, 8 µM of each sense (T7) 
and antisense primers (M13-Reverse) and nuclease-free water to a final volume of 30 
µl. All reactions were initially denatured at 95°C for 2 min then 30 sec at 95°C 
denaturation, 30 sec at 55°C annealing and a 1 min at 72°C elongation step. The last 
three steps were repeated 30 times followed by a final extension step of 5 min at 72°C. 
A negative control was set up along side each set of PCR reactions consisting of all 
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components of the PCR reaction excluding the template DNA, to ensure that there was 
no contamination.  
An agarose gel electrophoresis (see section 2.2.6) was used to run 6 µl of the PCR 
product together with a 100 bp molecular weight ladder (Invitrogen Life Technologies) 
to check the size of the fragments. The DNA from the PCR products of the sub-clones 
that contained the inserts was purified using a NucleoSpin® Extract II kit (Macherey-
Nagel GmbH & Co. KG, Düren, Germany). In order to do that, one volume of PCR 
product was mixed with 2 volumes of Binding Buffer NT (containing the chaotropic salt 
guanidine thiocyanate). The sample was placed on a NucleSpin® Extract II silica 
membrane and centrifuged 1 min at 11,000 x g enabling the DNA to bind to the 
membrane. Salts and soluble macromolecular components were removed by a wash 
with 600 µl of ethanolic Wash Buffer NT3 and centrifuged 1 min at 11,000 x g. The 
column was centrifuged for 2 min at 11,000 x g to remove any residual ethanol from the 
Wash Buffer and then placed into a clean 1.5 ml tube. Pure DNA was finally eluted 
under low ionic strength conditions with Elution Buffer NE (5 mM Tris/HCl, pH 8.5).  
DNA concentration was determined by a QubitTM fluorometer (see section 2.2.8). 
Approximately 15 µl of 11 ng/µl purified DNA was sent to Eurofins MWG 
Operon Company for sequencing. 
 
4.2.11. Extraction and purification of plasmid DNA 
Plasmid DNA was extracted from E. coli cultures as described in section 3.2.10. 
  
4.2.12. Amplification of RACE cDNA 
Synthesis of RACE cDNA was performed as described in section 3.2.13.1 
followed by the amplification of RACE cDNA as described in section 3.2.13.2. The 
 86
 
 
degenerated primers Chk1F1 and Chk1F2 were used to get the rest of Chk1. Three steps 
PCR programme (Techne) was used in amplifying 5' and 3' RACE cDNA starting with 
activation the enzyme with an initial ''Hot start'' of 95oC for 1 min, followed by: 
a) 5 cycles: 94oC, 30''       b) 5 cycles: 94oC, 30''         c) 27 cycles:  94oC, 30''  
                                 68oC, 30''                          60oC, 30''                               55oC, 30'' 
                                 72oC, 1'                             72oC, 1 '                                 72oC, 1' 
 
The reaction was incubated at 72oC for 2 min as a final extension and then 
maintained after completion at 4oC and stored at -20oC. PCR products were analysed 
and separated by gel electrophoresis as described in section 4.2.8 and finally sending for 
sequencing. 
 
4.3. RESULTS 
4.3.1. Isolation of total RNA from M. edulis gonads 
 The extraction method described in section 3.2.2 provided a high yield of total 
RNA with concentration of approximately 1 µg/ml.  
 
4.3.2. Chk1 mRNA amplification from M. edulis  
   Several PCRs were conducted in order to isolate the Chk1 mRNA fragment 
from M. edulis. Different combinations of the designed primers (Table 4.2.5.1) were 
used in reactions while other parameters were also varied (see 4.2.6). Using the template 
cDNA prepared with the forward primer Chk1F1 and the reverse primer Chk1R, yielded 
a product of the expected size of around 490 bp (Fig. 4.3.2.1).   
Formatted: French (France)
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Fig. 4.3.2.1. Ethidium bromide stained 0.8 % agarose gel displaying PCR amplification 
products obtained using M. edulis cDNA as a template and the primer pair (expected product 
size – 490 bp). Lane L is the molecular size ladder, lane C is the negative control and lane S is 
the cDNA sample. 
 
4.3.3. Sequencing the isolated DNA fragments  
The sequencing results showed that the putative Chk1 490 bp fragment was 
similar to that reported in other species. The BLAST algorithm confirmed the deduced 
identity of the isolated fragment as a part of the Chk1 gene (Fig. 4.3.3.1). The ClustalW 
programme showed 66% similarity between the isolated fragment in M. edulis and both 
H. sapiens and X. tropicalis Chk1 sequences, also shares 65% similarity with X. laevis 
and 21% with D. rerio. 
490 bp 500 bp 
S L C 
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X.tropicalis      ATGGCAGTTCCATTTGTCGAAGACTGGGATCTTGTCCAGACTCTTGGGGAAGGGGCATAT 60 
M.edulis          ------------------------------------------CTTGGGGAGGGAGCCTAT 18 
H.sapiens         ATGGCAGTGCCCTTTGTGGAAGACTGGGACTTGGTGCAAACCCTGGGAGAAGGTGCCTAT 60 
X.laevis          ATGGCAGTTCCGTTTGTTGAAGACTGGGATCTGGTCCAGACTCTTGGAGAGGGGGCATAT 60 
D.rerio           ATGGCTGTGCCTTTTGTTAAAGACTGGGATGTGGTACAAACTCTTGGAGAGGGAGCATAT 60 
                                                            ** ** ** ** ** *** 
 
X.tropicalis      GGAGAAGTGCAGCTGGCAGTAAACCGGAAAACAGAAGAAGCAGTAGCAGTGAAGATTGTG 120 
M.edulis          GGAGAAGTTAAACTTGCAGTAAATACTGATACCCAGGAAGCTGTAGCTGTTAAAATTATA 78 
H.sapiens         GGAGAAGTTCAACTTGCTGTGAATAGAGTAACTGAAGAAGCAGTCGCAGTGAAGATTGTA 120 
X.laevis          GGAGAAGTGCAGCTGGCAGTGAACCGGAAAACTGAAGAAGCGGTAGCAGTGAAGATTGTG 120 
D.rerio           GGAGAGGTGCGACTGCTGGTCAACAAGAAAACAGAAGAGGCTGTGGCGGTGAAAGTTGTG 120 
                  ***** **    **    ** **       **  * ** ** ** ** ** **  ** *  
 
X.tropicalis      GACATGACACGTGCAGCTGATTGCCCAGAAAACATCAAAAAGGAGATTTGTATTAATAGG 180 
M.edulis          AACCTAGAGAAAACAGCATCTGCAGCAGAAAATGTCAGGAAAGAGGTTTGTGTTCACAAC 138 
H.sapiens         GATATGAAGCGTGCCGTAGACTGTCCAGAAAATATTAAGAAAGAGATCTGTATCAATAAA 180 
X.laevis          GACATGACACGTGCAGCTGATTGCCCAGAAAACATCAAAAAGGAGATCTGTATCAATAGG 180 
D.rerio           GACATGGCAAAAGCCAAGGATTGCATCGAGAATGTGAAGAAGGAGGTCTGCATATGCAAG 180 
                   *  *        *             ** **  * *  ** *** * **  *    *   
 
X.tropicalis      ATGCTTAATCACACAAATATTGTAAGATTTTATGGACAT--CGACGGGAAGGAAACATTC 238 
M.edulis          ATGTTGAATCATGAGAGAGTTATCAAGTATTACGGTTCA--CGTAAAGATAAAAAGATCC 196 
H.sapiens         ATGCTAAATCATGAAAATGTAGTAAAATTCTATGGTCAC--AGGAGAGAAGGCAATATCC 238 
X.laevis          ATGCTCAGTCACACAAATATTGTAAGATTTTATGGACAT--CGAAGGGAAGGCAACATTC 238 
D.rerio           ATGCTTTCACACCCCAACATTGTACGTTTCTTTGGGCACAGTGTTGGGATTACACATCGT 240 
                  *** *    **    *   *  *    *  *  **       *    **    *       
 
X.tropicalis      AGTACCTCTTTCTGGAGTATTGT----CGAGGTGGTGAGCTCTTTGATCGCATAGAACCT 294 
M.edulis          AGTATTTATTTCTTGAGTATGCT----AGTGGTGGAGAGTTGTTTGATAGAATTGAGCCA 252 
H.sapiens         AATATTTATTTCTGGAGTACTGT----AGTGGAGGAGAGCTTTTTGACAGAATAGAGCCA 294 
X.laevis          AGTACCTCTTTCTGGAGTATTGT----CGAGGTGGTGAGCTCTTTGATCGCATAGAGCCT 294 
D.rerio           GACATAAAGCCTGAGAATATTCTTCTTGATGATAAAGATAATCTGAAGATCTCTGACTTT 300 
                     *          ** **   *       *     **     *  *       **     
 
X.tropicalis      GAT---GTTGGAATGCCTGAGCAAGATGCACAAAAAT---TTTTTCAGCAGCTAATTGCT 348 
M.edulis          GAT---GCAGGTATGCCACAACTTGAAGCCAACAAAT---TCTTTAAACAGTTGTTAGCA 306 
H.sapiens         GAC---ATAGGCATGCCTGAACCAGATGCTCAGAGAT---TCTTCCATCAACTCATGGCA 348 
X.laevis          GAT---GTTGGAATGCCTGAGCAAGATGCACAGAAAT---TTTTTCAGCAACTGATTGCT 348 
D.rerio           GGCCTGGCTACCATGTTCAGGCACCGTGGCCGTGAGCGAGCTTTGAACCGTCTGTGTGGT 360 
                  *           ***      *     *              **  * *   *    *   
 
X.tropicalis      GGT--GTGGAATACCTGCACAGCATTGGAATAACGCACAGA----GATATTAAGCCTG-- 400 
M.edulis          GGA--GTTGAATATTTACATACAAAAGGAGTGACTCACAGA----GACCTTAAGCCTG-- 358 
H.sapiens         GGG--GTGGTTTATCTGCATGGTATTGGAATAACTCACAGG----GATATTAAACCAG-- 400 
X.laevis          GGT--GTGGAATACCTGCACAGCATTGGAATAACTCACAGA----GATATCAAGCCTG-- 400 
D.rerio           ACTCTGCCCTATGTTGCCCCAGAGTTGATGTCACGCTCATCTTTTAACGCTCAGCCTGCG 420 
                       *     *     *        *   * ** * **       *     * ** *   
 
X.tropicalis      AGAACTTACTCTTAGATGACCGAGATCACCTGAAAATCTCTGACTTTGGTTTGGCAACAG 460 
M.edulis          AAAATTTACTTTTGGATGACTTTGATAATTTAAAGGTATCGGACTTTGGTCTAGCCACTG 418 
H.sapiens         AAAATCTTCTGTTGGATGAAAGGGATAACCTCAAAATCTCAGACTTTGGCTTGGCAACAG 460 
X.laevis          AGAACTTGCTTTTAGATGAACGAGATCAGCTGAAAATCTCTGACTTTGGTTTAGCAACGG 460 
D.rerio           GACACTTGGGCTTGTGGCATTGTGCTCACTGCAA--TGTTAGCTGGAGAGTTACCCTGGG 478 
                     *  *    **     *    * * *    **  * *  *     *   *  *    * 
 
X.tropicalis      TGTTCCGACACAATGCGAAAGAAAGACTTTTAAACAAGATGTGTGGAAC--CCTACCCTA 518 
M.edulis          TGTTCCGATACCAAGGCAGGGAGAGAATGCTGGAGAAATGTTGTGGAAC--CCTACCATA 476 
H.sapiens         TATTTCGGTATAATAATCGTGAGCGTTTGTTGAACAAGATGTGTGGTAC--TTTACCATA 518 
X.laevis          TATTCAGACACAATGGCAAAGAAAGACTTTTAAGCAAGATGTGTGGAAC--CCTTCCCTA 518 
D.rerio           ATCAGCCGAGTGAAAACTGTCAGGAATATTTGGACTGGCTGGAAAGAAAGACCTACCTTA 538 
                              *        *        *              * *     * ** ** 
 
X.tropicalis      TGTTGCACCAGAACTGATTAAGTCCAGAGCCTTTAATGCAGAGCCTGAGAAACGGCTACC 578 
M.edulis          TGTTGCCCC--------------------------------------------------- 485 
H.sapiens         TGTTGCTCCAGAACTTCTGAAGAGAAGAGAATTTCATGCAGAACCAGTTGATGTTTGGTC 578 
X.laevis          TGTTGCACCAGAACTGATTAAATCCAGGGCCTTTCATGCCGACCCAGTGGATGTGTGGTC 578 
D.rerio           CACCCTGGAAGAA--AATTGATGCGGTACCCCTTAGTCTGTTGTCTAAGATATTACTGCA 596 
 
Fig. 4.3.3.1. An alignment of the isolated Chk1 fragment from M. edulis represents high 
homology with Chk1 in different vertebrate species. Asterix denotes homology.   
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4.3.4. Chk1 amplification using mussel 5' and 3' RACE cDNA template 
Several PCRs were conducted in order to isolate the remainder of the Chk1 
mRNA from M. edulis. 3' RACE cDNA was amplified with the Chk1F1 and Chk1F2 
and several bands were observed including a product of a size 744 bp and 800 bp 
obtained in 3' RACE PCR (Fig. 4.3.4.1). 
 
Fig. 4.3.4.1. Ethidium bromide stained 0.8 % agarose gel displaying RACE PCR amplification 
product, lane S1 and S2, obtained using M. edulis 3' RACE cDNA as a template and the 
degenerated primers Chk1F1 and Chk1F2 respectively (a product size 744-800 bp). Lane L is 
the molecular size ladder. 
 
4.3.5. Characterization of the 3' RACE Chk1 fragment  
The sequencing results showed that the putative Chk1 744 bp fragment was 
similar to the Chk1 sequence in other species. The BLAST algorithm confirmed the 
identity of the isolated fragment as a part of the Chk1 gene. Specifically, there was 63% 
L L 
800 bp 
750 bp 
744 bp 
500 bp 
S1 S2 
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similarity with H. sapiens, X. laevis and X. tropicalis and only 34% similarity with D. 
rerio (Fig. 4.3.5.1).    
X.laevis          ATGGCAGTTCCGTTTGTTGAAGACTGGGATCTGGTCCAGACTCTTGGAGAGGGGGCATAT 60 
X.tropicalis      ATGGCAGTTCCGTTTGTTGAAGACTGGGATCTGGTCCAGACTCTTGGAGAGGGGGCATAT 60 
D.rerio           ATGGCTGTGCCTTTTGTTAAAGACTGGGATGTGGTACAAACTCTTGGAGAGGGAGCATAT 60 
M.edulis          ------------------------------------------CTTGGGGAGGGAGCCTAT 18 
H.sapiens         ATGGCAGTGCCCTTTGTGGAAGACTGGGACTTGGTGCAAACCCTGGGAGAAGGTGCCTAT 60 
                                                            ** ** ** ** ** *** 
 
X.laevis          GGAGAAGTGCAGCTGGCAGTGAACCGGAAAACTGAAGAAGCGGTAGCAGTGAAGATTGTG 120 
X.tropicalis      GGAGAAGTGCAGCTGGCAGTGAACCGGAAAACTGAAGAAGCGGTAGCAGTGAAGATTGTG 120 
D.rerio           GGAGAGGTGCGACTGCTGGTCAACAAGAAAACAGAAGAGGCTGTGGCGGTGAAAGTTGTG 120 
M.edulis          GGAGAAGTTAAACTTGCAGTAAATACTGATACCCAGGAAGCTGTAGCTGTTAAAATTATA 78 
H.sapiens         GGAGAAGTTCAACTTGCTGTGAATAGAGTAACTGAAGAAGCAGTCGCAGTGAAGATTGTA 120 
                  ***** **    **    ** **       **  * ** ** ** ** ** **  ** *  
 
X.laevis          GACATGACACGTGCAGCTGATTGCCCAGAAAACATCAAAAAGGAGATCTGTATCAATAGG 180 
X.tropicalis      GACATGACACGTGCAGCTGATTGCCCAGAAAACATCAAAAAGGAGATCTGTATCAATAGG 180 
D.rerio           GACATGGCAAAAGCCAAGGATTGCATCGAGAATGTGAAGAAGGAGGTCTGCATATGCAAG 180 
M.edulis          AACCTAGAGAAAACAGCATCTGCAGCAGAAAATGTCAGGAAAGAGGTTTGTGTTCACAAC 138 
H.sapiens         GATATGAAGCGTGCCGTAGACTGTCCAGAAAATATTAAGAAAGAGATCTGTATCAATAAA 180 
                   *  *        *             ** **  * *  ** *** * **  *    *   
 
X.laevis          ATGCTCAGTCACACAAATATTGTAAGATTTTATGGACATCGAAGGGAAGGCAACATTCAG 240 
X.tropicalis      ATGCTCAGTCACACAAATATTGTAAGATTTTATGGACATCGAAGGGAAGGCAACATTCAG 240 
D.rerio           ATGCTTTCACACCCCAACATTGTACGTTTCTTTGG------------------------- 215 
M.edulis          ATGTTGAATCATGAGAGAGTTATCAAGTATTACGGTTCACGTAAAGATAAAAAGATCCAG 198 
H.sapiens         ATGCTAAATCATGAAAATGTAGTAAAATTCTATGGTCACAGGAGAGAAGGCAATATCCAA 240 
                  *** *    **    *   *  *    *  *  **                          
 
X.laevis          TACCTCTTTCTGGAGTATTGTCGAGGTGGTGAGCTCTTTGATCGCATAGAGCCTGATGTT 300 
X.tropicalis      TACCTCTTTCTGGAGTATTGTCGAGGTGGTGAGCTCTTTGATCGCATAGAGCCTGATGTT 300 
D.rerio           ------------------------------------------------------------ 
M.edulis          TATTTATTTCTTGAGTATGCTAGTGGTGGAGAGTTGTTTGATAGAATTGAGCCAGATGCA 258 
H.sapiens         TATTTATTTCTGGAGTACTGTAGTGGAGGAGAGCTTTTTGACAGAATAGAGCCAGACATA 300 
                                                                               
X.laevis          GGAATGCCTGAGCAAGATGCACAGAAATTTTTTCAGCAACTGATTGCTGGTGTGGAATAC 360 
X.tropicalis      GGAATGCCTGAGCAAGATGCACAGAAATTTTTTCAGCAACTGATTGCTGGTGTGGAATAC 360 
D.rerio           ------------------------------------------------------------ 
M.edulis          GGTATGCCACAACTTGAAGCCAACAAATTCTTTAAACAGTTGTTAGCAGGAGTTGAATAT 318 
H.sapiens         GGCATGCCTGAACCAGATGCTCAGAGATTCTTCCATCAACTCATGGCAGGGGTGGTTTAT 360 
                                                                               
X.laevis          CTGCACAGCATTGGAATAACTCACAGAGATATCAAGCCTGAGAACTTGCTTTTAGATGAA 420 
X.tropicalis      CTGCACAGCATTGGAATAACTCACAGAGATATCAAGCCTGAGAACTTGCTTTTAGATGAA 420 
D.rerio           --GCACAGTGTTGGGATTACACATCGTGACATAAAGCCTGAGAATATTCTTCTTGATGAT 273 
M.edulis          TTACATACAAAAGGAGTGACTCACAGAGACCTTAAGCCTGAAAATTTACTTTTGGATGAC 378 
H.sapiens         CTGCATGGTATTGGAATAACTCACAGGGATATTAAACCAGAAAATCTTCTGTTGGATGAA 420 
                     **       **  * ** **  * **  * ** ** ** **  * **  * *****  
 
X.laevis          CGAGATCAGCTGAAAATCTCTGACTTTGGTTTAGCAACGGTATTCAGACACAATGGCAAA 480 
X.tropicalis      CGAGATCAGCTGAAAATCTCTGACTTTGGTTTAGCAACGGTATTCAGACACAATGGCAAA 480 
D.rerio           AAAGATAATCTGAAGATCTCTGACTTTGGCCTGGCTACCATGTTCAGGCACCGTGGCCGT 333 
M.edulis          TTTGATAATTTAAAGGTATCGGACTTTGGTCTAGCCACTGTGTTCCGATACCAAGGCAGG 438 
H.sapiens         AGGGATAACCTCAAAATCTCAGACTTTGGCTTGGCAACAGTATTTCGGTATAATAATCGT 480 
                     *** *  * **  * ** ********  * ** **  * **  *  *           
 
X.laevis          GAAAGACTTTTAAGCAAGATGTGTGGAACCCTTCCCTATGTTGCACCAGAACTGATTAAA 540 
X.tropicalis      GAAAGACTTTTAAGCAAGATGTGTGGAACCCTTCCCTATGTTGCACCAGAACTGATTAAA 540 
D.rerio           GAGCGAGCTTTGAACCGTCTGTGTGGTACTCTGCCCTATGTTGCCCCAGAGTTGATGTCA 393 
M.edulis          GAGAGAATGCTGGAGAAATGTTGTGGAACCCTACCATATGTTGCCCCTGAGGTGCTGTCA 498 
H.sapiens         GAGCGTTTGTTGAACAAGATGTGTGGTACTTTACCATATGTTGCTCCAGAACTTCTGAAG 540 
                  **  *     *          ***** **  * ** ******** ** **  *  *     
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X.laevis          TCCAGGGCCTTTCATGCCGACCCAGTGGATGTGTGGTCATGTGGAATTGTGCTGACTGCC 600 
X.tropicalis      TCCAGGGCCTTTCATGCCGACCCAGTGGATGTGTGGTCATGTGGAATTGTGCTGACTGCC 600 
D.rerio           CGCTCATCTTTTAACGCTCAGCCTGCGGACACTTGGGCTTGTGGCATTGTGCTCACTGCA 453 
M.edulis          AGGCAACCATATCATGCTGAGCCAGCTGATATCTGGTCATGTGCCATTATACTGGTAGCC 558 
H.sapiens         AGAAGAGAATTTCATGCAGAACCAGTTGATGTTTGGTCCTGTGGAATAGTACTTACTGCA 600 
                           * * * **  * ** *  **    *** * ****  **  * **    **  
 
 
X.laevis          ATGTTAGCAGGAGAGTTACCATGGGATCAACCAAACGAAGTATGCCAGGAGTATTGTGAT 660 
X.tropicalis      ATGTTAGCAGGAGAGTTACCATGGGATCAACCAAACGAAGTATGCCAGGAGTATTGTGAT 660 
D.rerio           ATGTTAGCTGGAGAGTTACCCTGGGATCAGCCGAGTGAAAACTGTCAGGAATATTTGGAC 513 
M.edulis          ATGTTGGCTGGAGAACTCCCTTGGGATGAACCAAATTATGGCTGTCAAGAATATTGTAAT 618 
H.sapiens         ATGCTCGCTGGAGAATTGCCATGGGACCAACCCAGTGACAGCTGTCAGGAGTATTCTGAC 660 
                  *** * ** *****  * ** *****  * ** *   *    ** ** ** ****   *  
 
X.laevis          TGGAAGGAAAAAAATCATTATCTCACT------AAAAAAATTAGTGCTACCCTTCTTGCA 714 
X.tropicalis      TGGAAGGAAAAAAATCATTATCTCACT------AAAAAAATTAGTGCTACCCTTCTTGCA 714 
D.rerio           TGGCTGGAAAGAAAGACCTACCTTACACCCTGGAAGAAAATTGATGCGGTACCCCTTAGT 573 
M.edulis          TGGAAGGACTGTAAAATAACCCTGTCTCCTTGGAATAAAGTAGACAACCTAGCTTTGTCA 678 
H.sapiens         TGGAAAGAAAAAAAAACATACCTCAACCCTTGGAAAAAAATCGATTCTGCTCCTCTAGCT 720 
                  ***   **    **       **          ** *** *              *     
 
X.laevis          TTGCTGGGTAAAATG-TTAACAGAAAATCCACAAAGCAGAATCACTATTCCAGACATAAA 773 
X.tropicalis      TTGCTGGGTAAAATG-TTAACAGAAAATCCACAAAGCAGAATCACTATTCCAGACATAAA 773 
D.rerio           CTGTTGTCTAAGATA-TTACTGCACAATCCAGAAGACAGGTTCACCATTCCTGAAATTAA 632 
M.edulis          CTACTAAAAAAAGTTGCTGGTAGAATATCCAGAGAAGAGATATACAATTCAACAAGTTAT 738 
H.sapiens         CTGCTGCATAAAATC-TTAGTTGAGAATCCATCAGCAAGAATTACCATTCCAGACATCAA 779 
                   *  *    **  *   *     *  *****      **    ** ****   *  * *  
 
X.laevis          GAAGGACCGTTGGTTTACAGAAATAATCAAAAAAGGACTTAAGAGAAGCCGCGTTATCTC 833 
X.tropicalis      GAAGGACCGTTGGTTTACAGAAATAATCAAAAAAGGACTTAAGAGAAGCCGCGTTATCTC 833 
D.rerio           GAAACACCGCTGGTTTAGCAGAAGTTTCAAATCAGCAGTACAACGTCAGGGCATCACACC 692 
M.edulis          ATCTCA------------------------------------------------------ 744 
H.sapiens         AAAAGATAGATGGTACAACAAACCCCTCAAGAAAGGGGCAAAAAGGCCCCGAGTCACTTC 839 
                       *                                                       
 
 
Fig. 4.3.5.1. An alignment of the isolated RACE Chk1 nucleotide from M. edulis represents the 
homology with different vertebrate species. Asterix denotes homology. 
 
Translating the fragment of the isolated M. edulis RACE Chk1 into predicted 
amino acids and alignment of the resulting Chk1 sequence using ClustalW, showed 
61% similarity between the isolated M. edulis sequence and the H. sapiens Chk1 
sequence. Also, it showed 57%, 48% and 44% similarity with the X. laevis, X. tropicalis 
and D. rerio sequences respectively (Fig. 4.3.5.2).  
 
X.laevis          MAVPFVEDWDLVQTLGEGAYGEVQLAVNRKTEEAVAVKIVDMTRAADCPENIKKEICINR 60 
X.tropicalis      MAVPFVEDWDLVQTLGEGAYGEVQLAVNRKTEEAVAVKIVDMTRAADCPENIKKEICINR 60 
H.sapiens         MAVPFVEDWDLVQTLGEGAYGEVQLAVNRVTEEAVAVKIVDMKRAVDCPENIKKEICINK 60 
D.rerio           MAVPFVKDWDVVQTLGEGAYGEVRLLVNKKTEEAVAVKVVDMAKAKDCIENVKKEVCICK 60 
M.edulis          --------------LGEGAYGEVKLAVNTDTQEAVAVKIINLEKTASAAENVRKEVCVHN 46 
                                *********:* **  *:******:::: :: .. **::**:*: . 
 
X.laevis          MLSHTNIVRFYGHRREGNIQYLFLEYCRGGELFDRIEPDVGMPEQDAQKFFQQLIAGVEY 120 
X.tropicalis      MLNHTNIVRFYGHRREGNIQYLFLEYCRGGELFDRIEPDVGMPEQDAQKFFQQLIAGVEY 120 
H.sapiens         MLNHENVVKFYGHRREGNIQYLFLEYCSGGELFDRIEPDIGMPEPDAQRFFHQLMAGVVY 120 
D.rerio           MLSHPNIVRFFG------------------------------------------------ 72 
M.edulis          MLNHERVIKYYGSRKDKKIQYLFLEYASGGELFDRIEPDAGMPQLEANKFFKQLLAGVEY 106 
                  **.* .:::::*                                                 
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X.laevis          LHSIGITHRDIKPENLLLDERDQLKISDFGLATVFRHNGKERLLSKMCGTLPYVAPELIK 180 
X.tropicalis      LHSIGITHRDIKPENLLLDDRDHLKISDFGLATVFRHNAKERLLNKMCGTLPYVAPELIK 180 
H.sapiens         LHGIGITHRDIKPENLLLDERDNLKISDFGLATVFRYNNRERLLNKMCGTLPYVAPELLK 180 
D.rerio           -HSVGITHRDIKPENILLDDKDNLKISDFGLATMFRHRGRERALNRLCGTLPYVAPELMS 131 
M.edulis          LHTKGVTHRDLKPENLLLDDFDNLKVSDFGLATVFRYQGRERMLEKCCGTLPYVAPEVLS 166 
                   *  *:****:****:***: *:**:*******:**:. :** *.: **********::. 
 
X.laevis          SRAFHADPVDVWSCGIVLTAMLAGELPWDQPNEVCQEYCDWKEKNHYL--TKKISATLLA 238 
X.tropicalis      SRAFNAEP---------------------------------------------------- 188 
H.sapiens         RREFHAEPVDVWSCGIVLTAMLAGELPWDQPSDSCQEYSDWKEKKTYLNPWKKIDSAPLA 240 
D.rerio           RSSFNAQPADTWACGIVLTAMLAGELPWDQPSENCQEYLDWLERKTYLTPWKKIDAVPLS 191 
M.edulis          RQPYHAEPADIWSCAIILVAMLAGELPWDEPNYGCQEYCNWKDCKITLSPWNKVD----- 221 
                     ::*:*                                                     
 
 
Fig. 4.3.5.2. An alignment of the predicted M. edulis Chk1 protein showed homology with Chk1 
of different vertebrate species. Asterix denotes homology. 
 
The sequence was submitted to GenBank database and can be retrieved using 
accession number GU812861 (Fig. 4.3.5.3). 
 
5’…cttggggagggagcctatggagaagttaaacttgcagtaaatactgatacccaggaagctgtagctgttaaaattataaa
cctagagaaaacagcatctgcagcagaaaatgtcaggaaagaggtttgtgttcacaacatgttgaatcatgagagagttatcaa
gtattacggttcacgtaaagataaaaagatccagtatttatttcttgagtatgctagtggtggagagttgtttgatagaattgagcca
gatgcaggtatgccacaacttgaagccaacaaattctttaaacagttgttagcaggagttgaatatttacatacaaaaggagtga
ctcacagagaccttaagcctgaaaatttacttttggatgactttgataatttaaaggtatcggactttggtctagccactgtgttccg
ataccaaggcagggagagaatgctggagaaatgttgtggaaccctaccatatgttgcccctgaggtgctgtcaaggcaaccat
atcatgctgagccagctgatatctggtcatgtgccattatactggtagccatgttggctggagaactcccttgggatgaaccaaat
tatggctgtcaagaatattgtaattggaaggactgtaaaataaccctgtctccttggaataaagtagacaacctagctttgtcacta
ctaaaaaaagttgctggtagaatatccagagaagagatatacaattcaacaagttatatctca…3’ 
 
Fig. 4.3.5.3. Nucleotide sequence of the M. edulis putative Chk1 fragment isolated. 
 
4.4. DISCUSSION  
The aim of this section was to isolate and characterise the Chk1 cDNA sequence 
from the blue mussel M. edulis using real-time techniques. After several attempts, a M. 
edulis partial Chk1 cDNA sequence was amplified encoding a putative 221 amino acid 
protein (GU812861). The BLAST algorithm confirmed the identity of the isolated 
fragment as a part of a putative Chk1 (Fig. 4.3.5.2). It shares 61% similarity with Chk1 
in H. sapiens and 57% with the X. laevis. The sequence also shares 48% and 44% 
similarity with the Chk1 of X. tropicalis and D. rerio respectively.  
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The deduced amino acid sequence isolated is part of a conserved area, the 
catalytic and activation loop (A-loop) also called T-loop, putative ATP and substrate-
binding pocket (Fig. 4.4.1), which is characteristic of protein kinases catalytic (PKsc) 
like-superfamily (Chen et al., 2000; Ventura and Maioli, 2001). Another conserved area, 
asparagine (N135) residue that is reported required for kinase activity (Kumagai et al., 
1998). Also, tyrosine (Y20) present in human Chk1 phosphorylation of which inhibits 
Cdc2 activity (Krek and Nigg, 1991; Parker and Piwnica-Worms, 1992). 
PKs regulate many cellular processes including proliferation, division, 
differentiation, motility, survival, metabolism, cell-cycle progression, cytoskeletal 
rearrangement, immunity, and neuronal functions. Many kinases are implicated in the 
development of various human diseases including different types of cancer (Lahiry et 
al., 2010). The protein kinase superfamily is mainly composed of the catalytic domains 
of serine/threonine-specific and tyrosine-specific protein kinases. It also includes RIO 
kinases, which are typical serine protein kinases, aminoglycoside phosphotransferases, 
and choline kinases. These proteins catalyse the transfer of the gamma-phosphoryl 
group from ATP to hydroxyl groups in specific substrates such as serine, threonine, or 
tyrosine residues of proteins. Majority of protein phosphorylation, about 95%, occurs on 
serine residues while only 1% occurs on tyrosine residues. Protein phosphorylation is a 
mechanism by which a wide variety of cellular proteins, such as enzymes and 
membrane channels, are reversibly regulated in response to certain stimuli.  
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X.laevis      MAVPFVEDWDLVQTLGEGAYGEVQLAVNRKTEEAVAVKIVDMTRAADCPENIKKEICINR 60 
X.tropicalis  MAVPFVEDWDLVQTLGEGAYGEVQLAVNRKTEEAVAVKIVDMTRAADCPENIKKEICINR 60 
H.sapiens     MAVPFVEDWDLVQTLGEGAYGEVQLAVNRVTEEAVAVKIVDMKRAVDCPENIKKEICINK 60 
D.rerio       MAVPFVKDWDVVQTLGEGAYGEVRLLVNKKTEEAVAVKVVDMAKAKDCIENVKKEVCICK 60 
M.edulis      --------------LGEGAYGEVKLAVNTDTQEAVAVKIINLEKTASAAENVRKEVCVHN 46 
                            *********:* **  *:******:::: :: .. **::**:*: . 
 
X.laevis     MLSHTNIVRFYGHRREGNIQYLFLEYCRGGELFDRIEPDVGMPEQDAQKFFQQLIAGVEY 120 
X.tropicalis MLNHTNIVRFYGHRREGNIQYLFLEYCRGGELFDRIEPDVGMPEQDAQKFFQQLIAGVEY 120 
H.sapiens    MLNHENVVKFYGHRREGNIQYLFLEYCSGGELFDRIEPDIGMPEPDAQRFFHQLMAGVVY 120 
D.rerio      MLSHPNIVRFFG------------------------------------------------ 72 
M.edulis     MLNHERVIKYYGSRKDKKIQYLFLEYASGGELFDRIEPDAGMPQLEANKFFKQLLAGVEY 106 
             **.* .:::::*                                                 
 
X.laevis     LHSIGITHRDIKPENLLLDERDQLKISDFGLATVFRHNGKERLLSKMCGTLPYVAPELIK 180 
X.tropicalis LHSIGITHRDIKPENLLLDDRDHLKISDFGLATVFRHNAKERLLNKMCGTLPYVAPELIK 180 
H.sapiens    LHGIGITHRDIKPENLLLDERDNLKISDFGLATVFRYNNRERLLNKMCGTLPYVAPELLK 180 
D.rerio      -HSVGITHRDIKPENILLDDKDNLKISDFGLATMFRHRGRERALNRLCGTLPYVAPELMS 131 
M.edulis     LHTKGVTHRDLKPENLLLDDFDNLKVSDFGLATVFRYQGRERMLEKCCGTLPYVAPEVLS 166 
                         *    *:****:****:***: *:**:*******:**:. :** *.: **********::. 
 
Fig. 4.4.1. Multiple sequence alignment of the deduced amino acid sequence of Chk1 M. edulis 
(GenBank Accession no. GU812861) and other available Chk1 sequences. Prediction of 
conserved domains was conducted using (www.ncbi.CDD), Bold is for ATP binding domain, 
Italic is for Active site domain, underline is for Activation loop domain and grey shadowed is 
for the substrate binding domain. Asterix denotes homology. 
 
Finally, the work presented in this chapter show the isolation of a fragment of the 
Chk1 cDNA from M. edulis. With the sequence information it is now possible to 
develop an assay using Chk1 mRNA expression to determine its role in the cell cycle 
checkpoints and the relationship to DNA damaged by IR. 
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Chapter 5 
 Real-time PCR Method Development and Validation for the 
Quantification of Rad51 and Chk1 mRNA expression in M. edulis 
 
5.1. INTRODUCTION 
The objective of this work was to develop and validate a quantitative real-time 
PCR method for the mRNA expression analysis of the putative Rad51 and Chk1 genes 
isolated as described in Chapters 3 and 4 in M. edulis. 
The information for the synthesis of all proteins in an organism is coded in the 
genomic DNA in the form of genes. The process of transcription transfers the 
information of a gene into mRNA, which is translated into proteins in the ribosomes. 
Therefore, the quantification of mRNA can be used to assess expression levels of a 
particular gene. Real-time PCR can quantify alterations in RNA concentrations that 
were previously undetectable using earlier techniques such as gel-based end-point 
detection RT-PCR or RNase protection assays (Wang and Brown, 1999). The real-time 
PCR technique relies upon the detection and quantification of a target gene expression 
by using a fluorescent reporter, the signal of which increases in direct proportion to the 
amount of PCR product in a reaction. In our case, the reporter is the double-strand DNA 
(dsDNA)-specific dye SYBR Green that binds to double stranded cDNA and upon 
excitation, emits light or fluorescence signal. The advantages of SYBR Green method 
are that it is inexpensive, easy to use and sensitive but it has one limitation in that it can 
bind to any dsDNA in the reaction including primer dimers or non-specific products. 
Consequently, the oligonucleotide primers should be specific, should not form primer-
dimers or hairpins and all genomic DNA is digested as part of the method. 
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The quantification of the target gene can be measured in an absolute way, the 
amount of the nucleic acid is determined using external standards (such as a standard 
curve), or in relative way, the ratio between the amount of target molecule and a 
reference molecule within the same sample is calculated. In order to control the 
variability introduced by the real-time PCR technique and assure accurate results, a 
reference gene that is assumed to have equal levels of expression in each experimental 
sample can be used. The reference gene chosen in this study is the one encoding the 
information for the synthesis of 18s rRNA a non-coding type of RNA that constitutes 
the small subunit of a ribosome. The use of 18s rRNA as internal standard is 
recommended for its constant and independent expression in a variety of experimental 
conditions including IR (Thellin et al., 1999; Venier et al., 2006; Banda et al., 2008). 
Herein, we employ a relative quantification method where the target genes expression 
have been normalized to a reference gene (18s rRNA), and its levels relative to the gene 
expression of a non-treated sample (Livak and Schmittgen, 2001). 
 
5.2. MATERIALS AND METHODS 
5.2.1. Total RNA isolation 
The total RNA extraction from mussel gonads was carried out following the 
protocol described in section 3.2.2 and stored at –20oC until further processing. 
 
5.2.2. First strand synthesis of cDNA for real-time PCR  
cDNA was synthesised from DNase treated total RNA following the protocol 
described in section 3.2.3 and stored at –20oC. 
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5.2.3. Oligonucleotide primer design 
The target gene specific primers were designed by Invitrogen Custom Primers 
(Invitrogen, U.K.) using the Rad51 and Chk1 M. edulis sequence described in section 
3.3.5 and 4.3.5 (GenBank Accession numbers FJ518826 and GU812861). The primers 
were supplied in lyophilised form as forward and reverse pairs (e18sF-e18sR, 
nqRad51F-nqRad51R and qChk1F-qChk1R) (Table 5.3.1.1). 
 
5.2.4. Primer optimization 
To ensure the efficient and accurate quantification of the target template, real-time 
PCR assays should be optimized. Assays are first optimized by evaluating primer 
concentrations. To do that, three concentrations with equimolar amounts of each primer 
were tested: 100 nM, 300 nM and 600 nM. The amount of template added was the same 
in all the samples in the optimization exercise. All the samples were run in duplicates. 
The ideal primer pair should yield the lowest average Ct value as well as presenting a 
dissociation curve that shows a single product. The Ct value is calculated using a 
threshold level of fluorescence set above the background but within the linear phase of 
amplification. The cycle number at which an amplification plot crosses this threshold 
fluorescence level is called the Ct or threshold cycle. 
 
5.2.5. Assay performance 
Following primer optimization, in order to test the efficiency, precision and 
sensitivity of the real-time PCR reaction, a standard curve was performed using a serial 
dilution of a positive template. In this case, a two-fold dilution series starting with 1:10 
diluted cDNA and consisting of six points was generated in triplicates. To obtain the 
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standard curve, the Ct values of the serial dilution of the positive template were plotted 
against the cDNA dilution.  
 
5.2.6. Amplification using real-time PCR 
The real-time PCRs were carried out in a total volume of 20 µl consisting of 10 µl 
of Precision 2 x real-time PCR Master Mix, 4 µl of the cDNA template diluted from the 
samples prepared as described in section 3.2.3, 1 µl of each forward and reverse primers 
and 4 µl of PCR-grade water. The Precision 2 x real-time PCR Master Mix contained 2 
x reaction buffer, 0.025 U/µl Taq Polymerase, 5 mM MgCl2, dNTP mix (200 µM of 
each dNTP), ROX (passive reference dye) and SYBR Green.  
Amplifications were carried out in a Mx3005P Real-Time PCR System 
(Stratagene) which includes a built-in thermal cycler equipped with a heated lid, a 
Quartz-Tungsten Halogen lamp to excite fluorescence, photomultiplier tubes for high-
sensitive detection and Mx3005P real-time quantitative detection software. 
All samples were analysed in duplicate. All reactions were initially denatured at 
50oC for 2 min then at 95oC for 10 min followed by a three-step protocol of 40 cycles of 
denaturation at 95oC for 10 sec and annealing at 60oC for 1 min then extension step at 
72oC for 1 min. In order to test the specificity of the primers the products were slowly 
melted starting with 1 min at 95oC followed by 30 sec at 55oC and 30 sec at 95oC and 
the products analysed in the melting or dissociation curve (plotting fluorescence versus 
temperature). The temperature at which a DNA molecule melts depends on its length 
and sequence, therefore if the PCR product consists of molecules of the same sequence 
a single peak will be detected. A negative control was set up along side each set of PCR 
reactions consisting of all components of the PCR reaction excluding the template 
DNA. 
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5.2.7. Confirmation of the identity of the products formed 
In order to confirm the identity of the obtained amplicons, the amplification 
reactions were run on an agarose gel (section 2.2.6). Subsequently, the bands were 
excised and isolated as described in section 4.2.8. The DNA was then cloned into a 
pCR®2.1 vector (section 4.2.9), transformed into E. coli competent cells and sequenced 
(section 4.2.10). 
 
5.2.8. Quantification of the gene expression and validation of the quantitation method 
A relative quantitation method was chosen to analyse changes in gene expression 
of the target gene in the treatment group compared to a control sample. The results were 
normalized with a reference gene (18s rRNA). The method used to calculate the relative 
change values was the comparative ∆Ct method using the formula RQ = 2-∆Ct where 
∆Ct = Ct,Rad51 or Chk1  - Ct,18s  (RQ=relative quantitation) (Livak and Schmittgen, 2001). 
To apply this method, the efficiencies of the target gene and reference gene, 
established via a standard curve, must be approximately equal (in the 5% range) and 
close to 100%.  A method for assessing if the two amplicons have the same efficiency is 
to look at how ∆Ct varies with the template dilution (Livak and Schmittgen, 2001). To 
do that, the average Ct for both Rad51 or Chk1 and 18s rRNA and the ∆Ct (Ct,Rad51 or 
Chk1 - Ct,18s) was determined. The data were fit using least-squares linear regression 
analysis. The absolute value of the slope of the plot cDNA dilution versus ∆Ct should 
be < 0.1. 
The relative expression data was analysed using SPSS 15.0 for Windows and 
tested for normality using the Kolmogorov-Smirnov test and the Q-Q plots. All the data 
was not normally distributed and therefore differences between the groups were 
determined using the non-parametric test Kruskall Wallis. In order to check where the 
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differences occurred, pair-wise comparisons were performed by Mann-Whitney U tests. 
In order to avoid inflation of type I error rates, Bonferroni corrections were performed 
by using a critical value for significance of 0.05 divided by the number of tests 
conducted.  
 
5.3. RESULTS 
5.3.1. cDNA synthesis and gene specific primers design 
The cDNA concentrations of all the samples (control and irradiated) were 41 
ng/µl. The primer pairs designed to investigate Rad51, Chk1 and 18s rRNA expression 
were 19-25 nucleotide long with G-C content between 40-60% for an annealing 
temperature close to 60oC (Table 5.3.1.1). The length of the amplicons was 121 bp, 106 
bp and 114 bp for Rad51, Chk1 and 18s rRNA respectively. 
Table 5.3.1.1. Oligonucleotide sequences used as primers for the amplification of Rad51, Chk1 
and 18s rRNA genes. 
Primer name Primer sequence 
18s rRNA primers 
Forward e18sF CAT TAG TCA AGA ACG AAA GTC AGA G 
Reverse e18sR GCC TGC CGA GTC ATT GAA G 
Rad51 primers 
Forward nqRad51F TGG CAT AGA GAC TGG GTC AA 
Reverse nqRad51R CCT TCA CCT CCA CCC ATA TC 
Chk1 primers 
Forward nqChk1F CTT GGG GAG GGA GCC TAT GGA G 
Reverse nqChk1R CTC TTT CCT GAC ATT TTC TG 
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5.3.2. Oligonucleotide primer optimization  
In order to determine the optimal primer concentration of the Rad51, Chk1 and 
18s rRNA primers, different concentrations of equimolar forward and reverse primers 
were used. The Ct values obtained with different concentrations of the primers are 
presented in Table 5.3.2.1. In the case of the Rad51 fragment, only the 600 nM and 600 
nM primer pairs gave single products when analysed in the dissociation curve. Based on 
that, the primer pair with a lowest Ct value (600 nM) was chosen and the same was 
applied on Chk1. For 18s rRNA all the concentrations generated single products, but 
only the 200 nM and the 600 nM primer pairs decreased the formation of primer-
dimers. For that reason, and choosing the lowest Ct value of the two, the 600 nM primer 
pair was selected for future amplifications. 
 
Table 5.3.2.1. Ct values of the real-time amplifications using different primer concentrations. 
PRIMERS/CONCENTRATION 100 nM 200 nM 300 nM 600 nM 
18sF-18sR   19.91 16.89 ----- 15.81 
Rad51F-Rad51R 37.57 ----- 29.92 28.98 
Chk1F-Chk1R no Ct ----- 38.12 35.34 
  
5.3.3. Standard curves for analysis of assay performance  
In order to evaluate the overall performance of the real-time PCR reaction, a 
standard curve was generated for each gene. After amplification, the Cts for each 
standard dilution were determined and plotted against the initial template dilution. The 
amplification of 18s rRNA serial dilution generated a satandard curve with an efficiency 
of amplification of 95.3% (Fig. 5.3.3.1). The slope of the line of best fit determines the 
efficiency of a reaction using the equation E = 10 (–1/slope) –1. The linearity of the assay, 
denoted by the R squared (RSq or R2) was 0.995. A value close to 1 implies a linear 
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range and that the efficiency of the reaction is consistent at varying template 
concentrations (sensitivity). It also indicates agreement between replicates (precision). 
 
Fig. 5.3.3.1. Standard curve generated from 18s rRNA amplification data. 
For the Rad51 cDNA serial dilution, the amplification was linear with a 
regression coefficient of 0.997 and an amplification efficiency of 98.4% (Fig. 5.3.3.2). 
 
Fig. 5.3.3.2. Standard curve generated from Rad51 amplification data. 
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For the Chk1 cDNA serial dilution, the amplification was linear with a regression 
coefficient of 0.994 and an amplification efficiency of 95.0% (Fig. 5.3.3.3). 
 
Fig. 5.3.3.3. Standard curve generated from Chk1 amplification data. 
 
5.3.4. Real-time amplification using mussel cDNA 
After the primer optimization and the assay performance evaluation, the next step 
was to employ the primers at the optimised concentration (600 nM) with M. edulis 
cDNA from an experimental sample set. The cDNA was diluted at the concentrations 
tested during the standard curve exercise (1:20) for Rad51, (1:10) for Chk1 and (1:320) 
for 18s. The amplification of the reference gene 18s rRNA generated a single product 
with a melting temperature of 80oC (Fig. 5.3.4.1a). M. edulis cDNA amplified with the 
Rad51 primer pair yielded a single product (Fig. 5.3.4.1b) at a melting temperature of 
77.5oC and the Chk1 primer pair also yielded a single product (Fig. 5.3.4.1c) at a 
melting temperature of 76oC. The “no template control” for all target genes did not 
record any amplification. 
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a                                                             d 
 
 
 
 
 
b                                                                       e 
                                                        
           
 
 
c                                                                        f 
 
 
 
 
 
 
Fig. 5.3.4.1. Dissociation curve of the real-time amplification of M. edulis 18s rRNA (a), Rad51 
(b) and Chk1 (c). Real-time PCR amplification of 18s rRNA (d), Rad51 (e) and Chk1 (f). 
 
5.3.5. Confirmation of the identity of the products formed 
After cloning, the sequences obtained confirmed the identity of the real-time PCR 
generated fragments as Rad51, Chk1 and 18s rRNA.  
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5.4. DISCUSSION 
Real-time PCR is a popular method for characterizing target gene expression 
patterns in different organisms under differing conditions. The simplicity of the method 
combined with its high sensitivity and specificity makes it a powerful technique for the 
quantification of several mRNA expression levels at once. This chapter describes the 
development of a quantitative method to measure the Rad51 and Chk1 RNA levels in the 
mussel M. edulis using the real-time PCR technique. This methodology can be applied 
to the study of the putative Rad51 and Chk1 mRNA expression levels in mussels 
experimentally-exposed or environmentally-exposed to different levels of IR. 
The template preparation is a crucial step for a successful identification of target 
gene expression profiles. Any significant DNA contamination will result in an 
inaccurate RNA quantification. A DNase treatment of the RNA samples and a DNase 
removal step was added prior to the reverse transcription. The priming strategy used for 
the reverse transcription was using random hexamers. The advantage of using random 
hexamers instead of oligo-d(T) is that they do not require the presence of a polyA 
sequence allowing the synthesis of cDNA from all RNA species not just mRNA. 
Therefore, 18s rRNA could not be reverse transcribed using oligo-d(T) primed cDNA 
synthesis. 
The reverse transcription step is also critical in that different enzymes will have 
different sensitivity and specificity (Bustin, 2002) and that the efficiency of each 
reaction can vary considerably. In our method, the use of a gene (18s rRNA) that is 
equally expressed in all the samples as a reference or “housekeeping” gene will 
normalize any differences in the efficiency of the reverse transcription. The use of 18s 
rRNA has been previously recommended (Thellin et al., 1999) but different 
experimental conditions make some “housekeeping genes” to vary considerably 
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(Schmittgen and Zakrajsek, 2000). As a result, the choice of a reference gene should be 
determined based on the exposure condition (Radonic et al., 2004; Arukwe, 2006). 
Previous studies have shown that the levels of expression of 18s rRNA in organisms 
exposed to radiation (Banda et al., 2008; Wilson et al., 2010) are kept constant and 
consequently it can be used under similar experimental conditions as a housekeeping 
gene. 
A reference dye (ROX) was also included in the master mix in the amplification 
reactions. The reference dye is always present at the same concentration in all the 
samples and should normalize the fluorescence signal of the reporter dye (SYBR 
Green). The use of a DNA binding technology, in our case SYBR Green, is very 
flexible because the same dye can be used with any pair of primers for any target. The 
main disadvantage of this technique is that because it binds to any double stranded 
DNA and not a specific sequence is prone to false positives (Wong and Medrano, 
2005). For this reason, the design and the concentration optimization of the 
oligonucleotide primes for the amplification of the target and housekeeping gene is the 
major challenging step when performing a real-time PCR experiment. The primers were 
selected using the data available from other species. In general, the resultant amplicon 
should be between 100-300 bp in length and the length of each primer between 15-30 
bp. The 5’ and 3’ ends should not contain many guanines or cytosines together to 
prevent the primers folding on themselves and to avoid G/C clamps. 
The concentration of the primers is also a prerequisite for a successful 
amplification as a low primer concentration could become a limiting factor during the 
amplification reaction and a high primer concentration can increase the formation of 
non-specific products and primer-dimer formation. The primer optimization was carried 
out testing several dilutions of equimolar primer pair concentrations. The primers 
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chosen were those that provided the best compromise of low Ct values, reduced primer-
dimer formation and specific amplification. The presence of non-specific products can 
be detected by performing a melting curve analysis (also known as dissociation curve). 
As the melting temperature of a product is sequence-specific, the presence of a single 
homogeneous melt peak for all the samples will confirm specific amplification (Ririe et 
al., 1997). The amplification of mussel cDNA resulted in the formation of a single 
product. In order to ensure that the products formed belonged to our gene of interest and 
housekeeping gene they were also run in an agarose gel and cloned confirming the 
products expected and therefore the specificity of the primers. 
The accuracy of real-time PCR experiments is dependent on PCR efficiencies of 
both the gene of interest and the gene used as a reference. If the efficiency of the 
reaction is 100% the amount of template is being doubled in each cycle. Ideally, the 
efficiencies of the standards and targets should be between 90% and 110% and within 
5% (typical run-to-run variance) of each other. To calculate efficiencies, a serial dilution 
of cDNA templates is performed, and the slope of the line of best fit of the standard 
curve is directly correlated with it using a formula equivalent to a calculated 90-110% 
efficiency. The Rad51, Chk1 and 18s rRNA standard curves showed efficiencies in the 
amplification reaction close to 100% and within 3% of each other, confirming that the 
efficiency of both genes (target and normalizer) were similar and the suitability of the 
use of the comparative Ct method for the relative quantitation of Rad51 and Chk1 
mRNA expression.  
Quantification of RNA transcription by real-time PCR can be either relative or 
absolute. Absolute quantification, also known as standard curve method, requires the 
construction of an absolute standard curve that produces a linear relationship between 
Ct and known initial amounts of cDNA. The determination of the copy numbers of 
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RNA transcripts of unknowns is based then on their Ct values (Heid et al., 1996; Liu 
and Saint, 2002). Nevertheless, the generation of reliable standard material precisely 
quantified is very time consuming and the amplification efficiencies of the target cDNA 
and the cDNA used in the calibration curve have to be identical. In relative quantitation, 
changes in gene expression are compared to an external standard and/or a reference 
sample. There are many mathematical models to calculate the gene expression from 
relative quantitation assays (Wong and Medrano, 2005). The comparative Ct methods 
(“delta Ct” and “delta-delta Ct”) are based on the comparison of the distinct cycle 
differences (Livak, 1997; Livak and Schmittgen, 2001). The main disadvantage of the 
comparative Ct methods is that they assume equal efficiencies (calculated from a 
standard curve) of target and reference genes. An efficiency corrected method that 
accounts for the differences in amplification efficiencies of the target and reference 
genes has been developed (Pfaffl, 2001). The main disadvantage of these methods is 
that they do not take into account run-to-run variances. For more precise results, 
averages of efficiencies should be taken running different standard curves at separate 
times.  
In summary, herein we have validated and developed a quantitative real-time PCR 
method for the mRNA expression analysis of the putative Rad51 and Chk1 genes, 
relative to a robust reference gene. The method has utility in determining quantative 
differences in mRNA expression of these target genes in mussels with differing IR 
exposure histories. 
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Chapter 6 
 Experimental Induction of Rad51 and Chk1 mRNA Expression in M. 
edulis 
 
6.1. INTRODUCTION 
It has been confirmed in the literature that IR induces DNA damage, specifically 
DSBs, and to repair such damage checkpoints are involved in sensing and controlling 
the cell cycle allowing the DNA repair (Bishay et al., 2001; Bahassi et al., 2008; Shen, 
2011; Peng and Lin, 2011). As described in the previous chapters Rad51 and Chk1 
expression and IR impacts have previously been investigated in several vertebrate 
species as well as some fungi (Collis et al., 2001; Chinnaiyan et al., 2005; Watson et al., 
2004).  
To recap, DNA damage checkpoint pathways function to delay the eukaryotic cell 
cycle in response to DNA damage induced by IR, thus providing an opportunity for 
DNA repair. ATM and ATR are highly conserved kinases; their activation is related to 
DNA damage, which leads to cell cycle arrest through a number of effector kinases 
molecules including Chk1 (Wright et al., 1998; Nyberg et al., 2002). Chk1 is involved 
in two IR-induced G1/S and G2 checkpoints in mammalian cells, human cells analyzed 
at 12 hrs after 10 Gy dose of IR treatment showed 70-80% of all cell types were in 
arrest state at G2 (Liu et al., 2000). There is also considerable evidence that IR-induced 
S-phase checkpoint signaling is targeting degradation of Cdc25A, a tyrosine 
phosphatase that contributes to activation of Cdk2 (cyclin-dependent kinase 2) (Zhao 
and Piwnica-Worms, 2001; Sorensen et al., 2003). In the study of Hu et al. (2005), 
Chk1 kinase protein activity was over-activated following a 4 Gy dose of IR in mouse 
epithelial cells. It should be noted that 4 Gy is a very high dose in that levels involved in 
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a single environmental exposure are at the levels ranged between 0.049 and 0.17 µGy/hr 
(RIFE14, 2008). Chk1 protein levels have thus been examined in many irradiated cells 
from different sources including fruit fly, Xenopus and mouse (Fogarty et al., 1997; Guo 
et al., 2000; Weiss et al., 2002; Wang et al., 2002; Gatei et al., 2003; Hu et al., 2005). 
Here, we employ Chk1 mRNA expression to investigate IR response in the commonly 
used marine bioindicator species, blue mussel, M. edulis. 
Rad51 expression levels have been assessed in organisms exposed to DNA 
damaging agents including radiation in the environment or medical therapy (Yuan et al., 
2003; Taghizadeh et al., 2009; Wang et al., 2010). Studies have shown that the Rad51 
protein level is increased after radiation treatment. For instance, Chinnaiyan et al. 
(2005) showed an increase in Rad51 protein expression following 10 and 24 hrs after 
radiation (X-ray) treatment. Moreover, they observed accumulation of cells in G2 phase 
and reduction of number of cells in S phase after 24 hrs post exposure to 6 Gy of X-ray. 
Du et al. (2010) indicated a correlation between the reduced Rad51 protein level and 
increased radiosensitivity to gamma radiation. To date, only medical studies have 
focused on Rad51 gene expression levels. For instance, Tsai et al. (2010) reported an 
increase in the expression of Rad51 by a noticeable increasing in Rad51 mRNA and 
protein stability after treatment with gemcitabine, a clinical treatment for lung cancer 
patients. It is also suggested in the literature that an increase in Rad51 mRNA 
expression is associated with higher risk of tumour relapse, distant metastases and worst 
overall survival (Barbano et al., 2010). Although high expression of Rad51 is associated 
with enhanced resistance to DNA damage induced by chemicals and/or IR however, to 
date there has not been any real-time qPCR assay developed for the study of Rad51 
gene expression in an invertebrate species.  
 111
 
 
In order to apply the developed method and to study the RNA transcription of the 
partially isolated Rad51 and Chk1 genes, their expression was analyzed in mussels 
following experimentally-controlled exposure to different levels of IR. The aim of this 
work was thus to determine if the Rad51 and Chk1 mRNA expressions, using the 
sequences isolated in chapters 3 and 4, are altered in the gonads of mussels 
experimentally-exposed to different doses of IR.  
 
6.2. MATERIALS AND METHODS 
6.2.1. Mussel collection 
Mussels were collected at low tide near Brighton marina (50o 48’ longitude and 0o 
5’ latitude) in September 2010, kept in seawater and immediately brought to the 
laboratory. Seawater temperature was 9oC, conductivity 54 mS/cm2 and dissolved 
oxygen 10 mg/l. 90 mussels (size 4.25±0.65 cm) were placed randomly in each of two 
large glass tanks with 60 l of artificial seawater (InstantOcean, Sarrebourg, France) at a 
light regime of 12 hrs light/12 hrs dark. The temperature of the water was kept at 9oC by 
heaters, dissolved oxygen at 10 mg/l by aerators and the conductivity at 50 mS/cm2. The 
mussels were kept for a period of 7 days and the water was renewed every 48 hrs 
throughout all the experiment.  
 
6.2.2. Experimental IR exposure 
The mussels were divided into three groups: the first group contained 50 mussels 
and were exposed to 137Cs at different doses (0, 1, 2, 10 and 50 Gy, dose rate 0.125 
Gy/sec, n=10 at each dose) and dissected 1 hr after exposure. The second group 
contained 20 mussels exposed to the same source at dose 0 and 2 Gy, n=10 and 
dissected 96 hrs (4 days) after exposure. The third group comprised 20 mussels also 
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exposed as group two but dissected 168 hrs (7 days) after exposure. The samples were 
exposed to radiation in 50 ml conical polypropylene sterile tubes in the presence of 
seawater. 
The size (4.25±0.65) of every individual was recorded, the gonads were dissected 
and submerged in RNAlater (Qiagen Ltd., U.K.) and stored at -20oC for further 
processing in molecular analysis. 
 
6.2.3. Total RNA isolation and First strand synthesis of cDNA for real-time PCR   
Approximately 20 mg of RNAlater preserved gonadal tissues were extracted using 
NucleoSpin RNA II (Macherey-Nagel GmbH & Co. KG, Düren, Germany) reagents 
and manufacturers protocol. The samples were disrupted by adding 600 µl of 
homogenisation lysis buffer (containing large amounts of chaotropic ions, guanidine 
thiocyanate and 1% β mercaptoethanol). 20 mg of gonadal tissue was first disrupted 
using glass beads (Sigma) in 600 µl of homogenisation buffer and left for a few minutes 
to digest the tissue. Samples were centrifuged at 4°C for 40 sec to homogenate the 
tissue after that spun 3 min at 11,000 x g and the supernatant transferred into a clean 
tube. 600 µl of ethanol 70% was added to provide appropriate binding conditions and 
the sample was then applied to a silica-gel based column, spun 30 sec at 11,000 x g and 
the flow-through discarded. To avoid genomic DNA contamination a DNA digestion 
step was performed by adding 95 µl a DNase reaction mixture containing 10% of 
RNase-free rDNase in rDNase reaction buffer to the column and the reaction was 
incubated at room temperature for 15 min. The column was washed several times with 
ethanol-based buffers to eliminate the contaminants and the flow-through discarded. 
The column was then transferred into a clean tube and eluted by centrifugation for 1 
min at 11,000 x g with 30 µl nuclease-free water after a 1 min incubation period at room 
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temperature. The procedure was repeated once more with another 30 µl RNase-free 
water. The samples were stored at -20oC until further processing. The total RNA 
samples were reverse transcribed into cDNA (section 3.2.3) and stored at -20°C.  
 
6.2.4. Rad51 and Chk1 mRNA expression in mussel gonad tissue samples  
The expression of the Rad51 and Chk1 mRNA was analysed using real-time PCR 
as described in sections 5.2.6 and 5.2.8. For the analysis of the putative Rad51 and Chk1 
mRNA expressions in M. edulis, relative gene quantitation was expressed in relation to 
the expression of a housekeeping gene, 18s rRNA, and the ∆Ct method was employed to 
quantify the expression of each control and exposure groups of mussels (section 6.2.2). 
The relative expression data was analyzed using SPSS 15.0 for Windows and 
tested for normality using the Kolmogorov-Smirnov test and the Q-Q plots. All the data 
was not normally distributed and therefore differences between the different doses were 
determined by the non-parametric test Kruskall Wallis. In order to check where the 
differences occurred, pair-wise comparisons of the stages were performed by Mann-
Whitney U tests. In order to avoid inflation of type I error rates, Bonferroni corrections 
were performed by using a critical value for significance of 0.05 divided by the number 
of tests conducted.  
 
6.3. RESULTS 
6.3.1. Rad51 mRNA expression in mussel gonads exposed to IR 
 An increasing trend in Rad51 mRNA expression was observed in all exposed 
mussels, however, only at the highest dose of radiation (50 Gy) was the increase 
statistically significant compared to the control group (Fig. 6.3.1.1). After 4 and 7 days 
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of exposure a highly significant increase in the Rad51 expression was observed in 
comparison to the control of each group C 4 d and C 7 d respectively (Fig. 6.3.1.1). 
 
 
Fig. 6.3.1.1. Rad51 mRNA expression in gonad of mussels exposed to different doses of IR (1, 
2, 10 and 50 Gy), sampled at different time points (1 d= the same day, 4 d= 4 days and 7 d= 7 
days after exposure) and control groups (C). The figure shows relative Rad51 mRNA 
expression to 18s rRNA mRNA expression. Mean data are plotted ± standard error of the mean 
(SEM). Asterix indicates significance at a Bonferroni corrected p<0.05 compared to controls. 
 
6.3.2. Chk1 mRNA expression in mussel gonads exposed to IR  
Changes in Chk1 relative mRNA expression were observed in irradiated mussels 
compared with control mussels (Fig. 6.3.2.1). In the first group, Chk1 mRNA 
expression has increased significantly in most of the irradiated mussel groups 1, 2 and 
10 Gy compared to control samples (Fig. 6.3.2.1). In the second time course group, 
irradiated mussels after 4 days of exposure showed a decrease in the Chk1 mRNA 
expression compared to non irradiated mussels but this was not statistically significant. 
An increase of Chk1 mRNA expression was observed in the irradiated mussels after 7 
days of exposure compared to control, however, again, this was not statistically 
significant (Fig. 6.3.2.1). 
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Fig. 6.3.2.1. Chk1 mRNA expression in gonad of mussels exposed to different doses of IR (1, 2, 
10 and 50 Gy), sampled at different time points (1 d= the same day, 4 d= 4 days and 7 d= 7 days 
after exposure) and control groups (C). The figure shows relative Chk1 mRNA expression to 
18s rRNA mRNA expression. Mean data are plotted ± standard error of the mean (SEM). 
Asterix indicates significance at a Bonferroni corrected p<0.05 compared to controls. 
 
6.4. DISCUSSION 
The objective of this work was to determine if Rad51 and Chk1 mRNA 
expression would be induced in M. edulis individuals exposed to different doses of IR 
by using the real-time qPCR method developed earlier. In order to determine if these 
changes were correlated between the cell cycle related to DNA repair in the gonads and 
variations due to radiation impact, the study was carried out at different doses of IR and 
at different points of time after radiation. Here we found that Rad51 mRNA expression 
levels was increased though only at high dose level or following a 4 day period after 
exposure to lower radiation doses. 
The damage caused in DNA after exposure to radiation has been extensively 
studied. DNA repair, specifically HR is a critical pathway to recover DNA damage after 
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radiation exposure. So, the levels of the Rad51 mRNA studied in the first group showed 
changes between the control and irradiated mussels but these changes in Rad51 mRNA 
were significant only between the control and mussels irradiated with 50 Gy dose. The 
lack of statistically significant differences in expression of Rad51 mRNA in the samples 
from the other different doses of radiation can be due to several reasons including dose 
of radiation, cellular shape and manner of contact of the tissue (Taghizadeh et al., 2009). 
However, in a time dependent manner (4 and 7 days of exposure to 2 Gy dose of 137Cs), 
there were significant increases in the levels of Rad51 mRNA expression between the 
control and the irradiated group. These results are in agreements with studies showing 
increasing Rad51 expression in mouse and human after radiation exposure and also 
confirmed that the expression of Rad51 mRNA levels increase in a time-dependent 
manner (Yuan et al., 2003; Chinnaiyan et al., 2005; Taghizadeh et al., 2009).  
Since pathways of DNA damage repair include Rad51 as a key protein in re-
synthesis, catalyzing and transferring, strands between broken sequences and its 
homologues in DSBs damage (Rollinson et al., 2007), it could be possible that 
overexpression of mRad51 mRNA can results in an increase in spontaneous 
recombination between intrachromosomal repeat sequences which has previously been 
reported in mammalian cells (Vispé et al., 1998; Arnaudeau et al., 1999; Huang et al., 
1999). Watson et al. (2004) also reported that a functional homologue of Rad51 was 
found to be inducing in response to IR in fission yeast. As discussed in chapter 4, since 
the Rad51 gene isolated contained some of the important domains of the protein, it is 
likely that the gene codes for a functional protein in the mussel.  
The level of Chk1 mRNA expression in gonads of mussels exposed to different 
doses of radiation also showed a significant increase. Similar results, albeit a different 
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mechanism of activation, were observed with irradiated mammalian cells within 30 min 
post-IR, showing induction of phosphorylated Chk1 (Gatei et al., 2003).  
In vertebrates, there is evidence that induction of Rad51 and Chk1 are an IR DNA 
damage-induced event. For instance, radiation was capable of increasing Chk1 protein 
levels in the human cells and a rise in ATM or ATR levels (Liu et al., 2000) and Rad51 
mRNA levels and protein abundance increased in human osteosarcoma cell after 
radiation or drug treatment (Du et al., 2010). The γ-irradiation-induced Rad51 focus 
formation increased significantly during cell cycle progression, with the highest 
induction at the S and G2/M phases (Yuan et al., 2003). In addition, it was noted that 
G2 phase in the cell cycle is more sensitive to radiation than other phases, which 
conclude that the cell cycle could change the sensitivity of the cell to radiation (Pawlik 
and Keyomarsi, 2004). Yao et al. (2007) reported that depletion of Chk1 siRNA leads to 
a loss of Rad51 protein in human leukemia cells. Moreover, Chk1 siRNA treatment 
prevented radiation-induced Rad51 focus formation (Bahassi et al., 2008). Much less 
information is available, however, on the correlation between DNA repair and 
checkpoints in invertebrates.  
A further point for discussion relates the higher levels of Rad51 mRNA in 
mussels to the levels of Chk1 mRNA. Relevantly, deficient Chk1 cells leads to a loss of 
Rad51 localization to nuclear foci in response to replication arrest (Bahassi et al., 2008). 
Also cells lacking Chk2 showed a defect in Rad51 localization in response of DNA 
DSBs indicating that each of these kinases may contribute somewhat differently to the 
formation of Rad51 nucleoprotein filaments depending on the type of DNA damage 
incurred by the cells (Bahassi et al., 2008).  
In summary, the exposure of M. edulis to IR increased the level of putative Rad51 
mRNA expression in the experiment but not in all different doses. The explanation for 
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the lack of repression in the first experiment could relate to the observation that the 
individual variances were different. In addition, the Rad51 mRNA levels associated 
with the repair pathway, regulation by ATM or ATR indirectly, and Chk1 levels 
reported in this study were all in agreement with changes levels of Rad51 and Chk1 
activity of other vertebrate reported in the literature. Therefore, the possibility that the 
isolated Rad51 and Chk1 genes characterized, might act as a future DNA-damage 
biomarker in the aquatic environment.  
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Chapter 7 
 Environmentally-induced DNA Damage and Induction of Rad51 and 
Chk1 mRNA Expression in M. edulis 
 
7.1. INTRODUCTION 
Most of the attention focused on IR pollution stems from nuclear weapons used 
during the Second World War in Japan and the accident at Chernobyl in Russia. In 
1945, the United States exploded two nuclear weapons in a military operation on 
Hiroshima and Nagasaki, Japan. Survivors of the cities still experience higher than 
normal cancer rates (Muirhead, 2003). In 1986, a Russian nuclear plant at Chernobyl 
leaked high amounts of radiation pollution into the surrounding area (Delfanti et al., 
2006). Such products, which include 58Co, 137Cs, 238Pu, 241Am, 65Zn and 110Ag, are also 
occasionally present, albeit at significantly lower levels, in close proximity to nuclear 
facilities (Clifton et al., 1983). The 
bault et al. (2008), for instance, found a strong 
relationship between the concentration of 137Cs measured in mussels, M. 
galloprovincialis, and the distance of their sampling locations from the Chernobyl 
Nuclear Power Plant.   
IR as a pollutant causes both primary and secondary damage. Primary damage has 
a direct identifiable impact on the environment, and secondary damage is considered as 
minor perturbations in the delicate balance of the biological food web, detectable only 
over long time periods (Muirhead, 2003; Yamada et al., 1999; Burger et al., 2007). 
Secondary damage and also sometimes referred to as chronic damage in the literature, 
may range from mild tissue irritation or immune suppression to an increase in the 
formation of carcinogenic cells (Cardis et al., 2006). As discussed in chapter 1 , IR can 
damage DNA by breaking the double strands, by cross-linking different DNA strands 
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(Fig. 1.2.1.1.), and by cross-linking DNA and proteins (Gebicki and Gebicki, 1999). As 
such the damage produced by IR is more complex, with localized areas of DNA 
molecules with multiple and complex lesions consisting of a combination of base 
damage and single-strand breaks and DSBs (Ward, 1995; Nikjoo et al., 2001). These 
complex lesions are less easily repaired with fidelity than are more simple forms of 
DNA damage (Jeggo, 1998). Damage to DNA can lead to cancers, birth defects, and 
even death (Tallarico et al., 2004; Roos and Kaina, 2006). However, cells have 
biochemical repair systems that can reverse some of the damaging biological effects of 
low-level exposures to radioactivity (Ward, 2002; Rothkamm and Lobrich, 2003; 
O’Driscoll and Jeggo, 2006). This allows the body to better tolerate radiation that is 
delivered at a low dose rate, such as over a longer period of time. If radiation damages 
DNA and the cell cannot repair itself, then cancer may become an increasing risk 
(Cardis et al., 2006). Yet all organisms are exposed to IR in extremely small doses 
throughout their life from natural sources (Meli et al., 2008). The biological effects of 
such small doses over such a long time are difficult to measure, and are essentially 
unknown at present. There is, however, a theoretical possibility that the small amount of 
radioactivity released into the environment by normally operating nuclear power plants 
and by previous atmospheric testing of nuclear weapons, has slightly increased the 
incidence of certain cancers in human populations (Cardis et al., 2006; NRC, 2006).  
IR biological effects have been measured using a number of different ways in 
several organisms from the environment. For instance, Krivolutzkii and Pokarzhevski 
(1992) reported a difference in population numbers of resident groups (earthworms, 
beetles and their larvae) between the contaminated (30 km zone surrounding Chernobyl) 
and a control site 70 km away. Also for Orbatid mites, radioactive fallout observed to 
affect early stages macrofauna, particularly earthworms. Moreover, deterioration was 
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reported in the condition of the colonies (population, community reduction and growth 
factor) of the bivalves Anodonta cygnea and D. polymorpha after the Chernobyl 
accident, particularly the latter (Skolov et al., 1993). In these studies investigating 
bivalve species, it was believed that before Chernobyl accident there were a number of 
genetic effects induced by chronic radiation exposure at dose rate of 0.1 rad/year and 
above 40 rad/year (Skolov et al., 1993). However, this study refers to genetic effect as 
disturbances in the number and structure of chromosomes, different species mutations 
but does not describe methodology (Skolov et al., 1993). Combined, these studies 
showed that IR at certain dose levels affects organisms, terrestrial and aquatic. 
In a controlled laboratory exposure environment, studies of Anderson and 
Harrison (1986) and Anderson et al. (1990) involving measured radiation doses, 
reported several biological effects on aquatic organisms. With increasing radiation dose 
these effects included: an increase of chromosomal aberrations, a decrease in fecundity, 
an increase in the number of mitotic cell delay and an increase in the possibility cell 
death occurring during interphase (Anderson and Harrison, 1986; Anderson et al., 
1990). Survivorship of irradiated worms was also observed to differ with life stage, sex, 
and reproductive condition (Anderson et al., 1990; Krivolutzkii and Pokarzhevski, 
1992). In a different experimental exposure, NCRPM109 (1991c) reported that the 
number of egg capsules was reduced in the pond snail Physa at doses of 6.5 mGy/day. 
However, overall egg numbers only decreased at doses of 240–1200 mGy/day. Also, 
birth rates in Daphnia drop at doses of more than 4600 mGy/day (Blaylock et al., 1993). 
Thomas and Liber (2001) showed that the equivalent doses to Chironomus tentans and 
Hyalella azteca in Horseshoe Pond, Canada (540–560 mGy/year) surpassed the lowest 
reproductive dose limit of 360 mGy/year. These laboratory experimental approaches 
add weight to the environmental exposure data, that indeed, IR exposure at certain dose 
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levels can induce biological effect in organisms. 
Several studies have focused on DNA damage using comet assay, which is a 
sensitive technique for the detection of DNA damage, in the aquatic species at different 
irradiated polluted sites. For instance, Sugg et al. (1996) associated elevation of strand 
breaks in catfish with 137Cs exposure in a cooling pond contaminated from the 
Chernobyl nuclear power plant. It is also possible to distinguish different degrees of 
comet tail fluorescence resulting from different doses of UV radiation (Gedik et al., 
1992; Villela et al., 2006). In the study of Grazeffe et al. (2008), the comet assay was 
employed using the snail, Biomphalaria glabrata, following exposure to radiation doses 
of 50 Gy and 100 Gy. The results showed an excessively low number of cells that 
prevent the analysis. Jha et al. (2005) also observed that following exposure to tritium 
resulted in the induction of DNA damage as increasing dose in mussel haemocytes.   
The aim of this study was to determine the extent of DNA damage, using comet 
assay, and induction of Rad51 and/or Chk1 mRNA expression in gonad tissue of M. 
edulis collected from the environment at two sites: one in the vicinity of a nuclear 
processing plant (in Ravenglass Estuary) and one at a reference site (in Brighton 
Marina). 
 
7.2. MATERIALS AND METHODS 
7.2.1. Mussel collection 
Mussels were collected at low tide in Ravenglass near Sellafield nuclear 
reprocessing plant (54o 21’ longitude and -3o 24’ latitude) on July 2010, kept in 
seawater and brought to the laboratory of Plymouth University. Another group of 
mussels were collected from the same ‘clean’ site (Brighton Marina) described in 
chapter 6 and used as reference samples. Brighton and Ravenglass mussels were placed 
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each in two large glass tanks with 60 l of artificial seawater (Instant Ocean, Sarrebourg, 
France) at a light regime of 12 hrs light/12 hrs dark. The temperature of the water was 
kept at 9oC by heaters, dissolved oxygen at 10 mg/l by aerators and the conductivity at 
50 mS/cm2. The mussels were kept for a period of 2 days. On day 2, 200-400 µl of 
haemolymph was withdrawn from the posterior adductor muscle with a needle of 1 ml 
syringe after the size of every individual was recorded (4.7±0.5 cm and 5.55±0.35 cm 
for Brighton and Ravenglass respectively). The haemolymph was added to phosphate 
buffer saline, PBS (8 g NaCl, 0.2 g KCl, 1.42 g Na2HPO4, 0.27 g KH2PO4, pH 7.4) 
directly on ice. Mussels were dissected, gonads kept in 1.5 ml of RNALater (Qiagen 
Ltd., U.K.) and stored at -70oC for molecular analysis.  
 
7.2.2. Comet assay 
This work was conducted at University of Plymouth with generous guidance of 
Ph. Yanan Di. For the slide preparation, Super-frost slides were coated with 1.5% 
Normal Melting Agarose (NMA) and left to air dry at least 24 hrs before the comet 
assay. The haemolymph cell suspension was centrifuged at 2.4 x g for 2 min and the 
supernatant was discarded and replaced with 200 µl 0.75% low melting point agarose 
(LMA). The mixture was then applied to the pre-coated slides as two drops of 100 µl.  
Coverslips were placed over each drop and gels were allowed to set at 4°C for 1 hr. 
When the gels had solidified to form duplicated microgels, coverslips were gently 
removed and the slides were immersed for 1 hr in cold (4°C) lysis solution (2.5 M 
NaCl, 100 mM EDTA, 10 mM Tris base, 1% N-Lauroyl-sarcosine, 1% Triton X 100, 
10% DMSO, pH 10). After the lysis period, slides were placed in a horizontal 
electrophoresis unit containing freshly prepared electrophoresis buffer (0.3 M NaOH, 1 
mM EDTA, pH>13). The DNA was allowed to unwind for 30 min before 
 124
 
 
electrophoresis at 25 volts, 260 mA for 30 min. The slides were removed from the 
electrophoresis tank and gently immersed in neutralization buffer (0.4 M Tris base, pH 
7.5) for 5 min and this step was repeated three times followed by rinsing with distilled 
water for 10 min and left it to dry for overnight. Finally, to visualize comets, 40 µl of 
ethidium bromide (20 µg/ml) stain was applied to each gel. Cells were randomly 
selected and measured by video capture and image analysis using Komet 5.0 software 
(Kinetic Imaging, Liverpool, U.K.) with 50 cells scored per microgel. % DNA in head 
and tail were determined. 
 
7.2.3. Total RNA isolation and first strand synthesis of cDNA for real-time PCR  
Approximately 20 mg of RNAlater preserved gonadal tissues were extracted using 
RNA isolation (Roche) reagents as described in section 3.2.2. cDNA was synthesised 
using Transcriptor High-fidelity cDNA Synthesis System reagents supplied by Roche 
(Roche Diagnostics Ltd, Burgess Hill, U.K.). Up to 50 ng/µl total RNA was mixed with 
2 µl 600 pmol random hexamer and water to a final volume of 11.4 µl. The sample was 
incubated for 10 min at 65°C and then placed on ice for 1 min. 4 µl of 5x concentrated 
TRT reaction buffer (250 mM Tris-HCl pH 8.5, 150 mM KCl, 40 mM MgCl2), 0.5 µl 
Protector RNase Inhibitor (20 mM Hepes-KOH, 50 mM KCl, 8 mM dithiothreitol, 50% 
glycerol (v/v)) (40 units/µl), 2 µl dNTPs (10 mM) and 1.1 µl Transcriptor High Fidelity 
Reverse Transcriptase (20 units/µl) were added to the rest of the RNA/primer mixture, 
mixed gently and incubated for 30 min at 55°C. A final incubation of 5 min at 85°C was 
carried out and then the reaction was placed on ice. The final volume of the reaction 
was 20 µl.  
 
 
 125
 
 
7.2.4. Rad51 and Chk1 mRNA expression in mussel gonad tissue samples  
The expression of the Rad51 and Chk1 mRNA was analysed using real-time PCR 
as described in sections 5.2.6 and 5.2.8. For the analysis of the putative Rad51 and Chk1 
mRNA expressions in M. edulis, relative mRNA quantitation was expressed in relation 
to the expression of a housekeeping gene, 18s rRNA, and the ∆Ct method was employed 
to quantify the expression of each control and exposure group of mussels (section 
7.2.1). 
The relative expression data was analyzed using SPSS 15.0 for Windows and 
tested for normality using the Kolmogorov-Smirnov test and the Q-Q plots. All the data 
was not normally distributed and therefore differences between the different doses were 
determined by the non-parametric test Kruskall Wallis. In order to check where the 
differences occurred, pair-wise comparisons of the stages were performed by Mann-
Whitney U tests. In order to avoid inflation of type I error rates, Bonferroni corrections 
were performed by using a critical value for significance of 0.05 divided by the number 
of tests conducted.  
 
7.3. RESULTS 
7.3.1. Comet assay  
Following electrophoresis the presence of strand breaks allows fragments of DNA 
to move from the core toward the anode, resulting in the classical comet formation 
(Singh et al., 1988). With the increasing amount of damage, more DNA migrates into 
the tail region and its quantified in terms of increased flourescence in the tail region and 
tail length. The percentage of DNA in the tail region (tail % DNA) was used as the 
criterion for quantifying DNA strand breakage (Anderson et al., 1994). Head % DNA, 
tail length and tail moment, a product of tail DNA and length, are also reported. Control 
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cells (prepared from mussels collected from the reference site at Brighton Marina) 
consisted of nucleotid core with zero or minimal DNA migration into the tail region 
(Fig. 7.3.1.1a). While the Ravenglass cells (Fig. 7.3.1.1b) showed a noticable difference 
in DNA head and tail shape, decrease in the DNA head and formation of DNA tail were 
observed. 
 a)                                                                      b) 
 
 
 
 
 
Fig. 7.3.1.1. Typical comets showing no DNA damage in (a) reference (Brighton Marina) and 
observable DNA tail damage in (b) Ravenglass mussel haemocytes. 
 
A statistically significant decrease in the head DNA % of Ravenglass mussels 
compared to a reference site was observed (Fig. 7.3.1.2a). While a high significant 
increase was observed in the tail DNA % (Fig. 7.3.1.2b) and olive tail % (Fig. 7.3.1.2c) 
of Ravenglass mussels in comparison to Brighton reference mussels. 
  
a                                        b                                                 c                    
 
 
 
 
Fig. 7.3.1.2. DNA damage measured in haemocytes of Control (1) and Ravenglass (2) mussels 
using the Comet assay (a) head DNA % (b) tail DNA % and (c) olive tail moment. The values 
are means ± SEM. Asterix indicates a statistically significant difference from the control, 
p<0.01). 
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7.3.2. Rad51 mRNA expression in mussel gonads sampled from two environmental 
sites 
 A statistically significant increase in Rad51 mRNA expression was observed in 
gonad tissue isolated from Ravenglass mussels compared to reference mussels (Fig. 
7.3.2.1). 
 
Fig. 7.3.2.1. Rad51 mRNA expression in gonad tissues from M. edulis sampled at Ravenglass 
and Brighton illustrating significant increase in Ravenglass mussels compare to Brighton. The 
figure shows relative Rad51 mRNA expression to 18s rRNA mRNA expression. Mean data are 
plotted ± standard error of the mean (SEM). Asterix indicates significance at a Bonferroni 
corrected p<0.05 compared to controls. 
 
7.3.3. Chk1 mRNA expression in mussel gonads sampled from two environmental sites  
Chk1 mRNA relative expression decreased significantly in gonad tissues isolated 
from Ravenglass mussels compared with control mussels (Fig. 7.3.3.1).  
 
Fig. 7.3.3.1. Chk1 mRNA expression in gonad tissues from M. edulis sampled at Ravenglass 
and Brighton illustrating significant reduction in Ravenglass mussels compare to Brighton. The 
figure shows relative Chk1 mRNA expression to 18s rRNA mRNA expression. Mean data are 
plotted ± standard error of the mean (SEM). Asterix indicates significance at a Bonferroni 
corrected p<0.05 compared to controls. 
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7.3.4. Radionuclide levels in sediment and mussels of two environmental sites 
Radionuclide concentrations were kindly provided by Prof. Cundy (at University 
of Brighton) and his University of Southampton collaborators. This included artificial 
and natural radionuclide concentrations in sediment and mussel tissue samples also 
collected from Brighton Marina and Ravenglass Estuary (Table 7.3.4.1). As seen in 
Table 7.3.4.1, radionuclide concentrations are generally low at both sites, however the 
Ravenglass sediment samples showed higher concentration in most of the isotopes 
compared to Brighton. Also in the mussel tissue samples, 238Pu, 239,240Pu and 241Am 
showed higher concentrations in individuals collected from Ravenglass compared to 
Brighton. While the remaining isotopes showed lower concentrations in Ravenglass 
mussels compared to Brighton mussels.  
 
Table 7.3.4.1. Anthropogenic radionuclide concentrations at Brighton Marina (BM) and 
Ravenglass Estuary (RE). 
Anthropogenic Radionuclide (Bq/kg dry) Source 210Po 238Pu 239,240Pu 90Sr 241Am 137Cs 60Co 155Eu 65Zn 
Sediment BM 
RE 
3.1±0.8 
4.9±0.7 
<0.2 
15±2 
0.17±0.09 
83±8 
0.019±10 
35±12 
<0.9 
170±10 
<0.6 
36±20 
<0.9 
<0.8 
<200 
<300 
<2 
<2 
Mussels BM 
RE 
76±18 
64±15 
<0.1 
3.7±0.5 
<0.1 
19±2 
31±15 
27±16 
<4 
34±3 
<6 
5.1±1.6 
<9 
<5 
<800 
<600 
<20 
<10 
 
Also, natural radionuclide concentrations were measured in sediment and mussel 
tissue samples at both sites (Table 7.3.4.2). Higher concentrations of natural 
radionuclides (228Ac, 40K, 210,212,214Pb, 226Ra, 234Th and 234U) were observed in 
Ravenglass sediment samples compared with those from Brighton. However, mussel 
tissue samples showed lower concentration of natural radionuclides (228Ac, 210,212,214Pb, 
226Ra, 234Th and 235U) in Ravenglass when compared to Brighton, and only 40K showed 
higher concentration in Ravenglass samples than Brighton samples.     
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 Table 7.3.4.2. Natural radionuclide concentrations in Brighton Marina (BM) and Ravenglass 
Esturay (RE). 
Natural Radionuclide (Bq/kg dry) Source 
228Ac 40K 210Pb 212Pb 214Pb 226Ra 234Th 235U 
Sediment BM 
RE 
<3 
7.2±1.5 
16±8 
240±20 
<8 
<20 
2.8±0.5 
9.6±0.8 
3.4± 0.5 
7.5±0.7 
<10 
<20 
5± 1.8 
<10 
0.6± 0.3 
0.8± 0.3 
Mussels 
 
BM 
RE 
<30 
<20 
<200 
220±50 
<40 
<20 
18±3 
5.3±1.9 
<20 
<9 
<60 
<40 
<50 
<30 
<10 
<8 
 
7.4. DISCUSSION 
The objective of this work was to determine the extent of DNA damage, if any, at 
two sites: one an IR-contaminated site, Ravenglass Estuary, and the other a reference 
site at Brighton Marina, using Rad51 and Chk1 mRNA expression induction in M. 
edulis and an established technique (comet analysis). 
At the cellular level, the comet analysis showed significant damage in the DNA 
with a decrease in the head DNA % and an increase in the tail DNA % and oliver tail 
values for the Ravenglass mussels compared to the reference site (Brighton Marina) 
(Fig. 7.3.1.2). These results are in concordance with other published work in the 
literature. For instance, similar genetic damage in the embryo larval stages of mussels 
exposed to radiation (tritiated water at dose of 0.02-21.41 mGy) has previously been 
reported (Hagger et al., 2005a). In the study of Jha et al. (2005), mussel haemocytes 
treated with low doses (<500 µGy/hr) of tritiated water, showed DNA fragmentation 
and micronuclei formation. Moreover, it was also concluded that the tritium 
accumulation differed in different tissues of mussels treated with a dose range of 12-485 
µGy/hr for 96 hrs. However, Grazeffe et al. (2008) treated snails, Biomphalaria 
glabrata, with high doses 2.5, 5, 10 and 20 Gy of 60Co gamma-radiation and obtained 
comet results showing either small or nonexistent heads and large diffuse tails, which 
were consequently referred to by the authors as ‘dead cells’. 
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The levels of the Rad51 mRNA studied in the Ravenglass mussels showed a 
statistically significant increase compared to the reference site at Brighton Marina (Fig. 
7.3.2.1). The elevation of Rad51 mRNA expression suggests that the cell’s DNA repair 
mechanism has been triggered. This work represents the first work application of Rad51 
mRNA expression in a mollusc and in an environment setting. In the laboratory, similar 
results have been observed in fission yeast, Schizosaccharomyces pombe, Rad51 mRNA 
expression was induced following exposure to IR (500 Gy) (Watson et al., 2004). In the 
study of Yuan et al. (2003), it was reported that IR (at a dose level of 10 Gy) induced 
Rad51 nuclear focus formation significantly particularly at the S and G2/M phases of 
the cell cycle. Moreover, an increase of Rad51 protein expression was reported in 
cultured cells following exposure to 6 Gy of X-ray radiation (Chinnaiyan et al., 2005). 
Organisms with enhanced DNA repair systems, such as Deinococcus radiodurans, the 
most radiation-resistant known organism, exhibit remarkable resistance to the double-
strand break-inducing effects of radioactivity, likely due to enhanced efficiency of DNA 
repair and especially NHEJ (Kobayashi et al., 2004). These observations of elevated 
Rad51 mRNA expression provide evidence that Rad51 likely plays a similar role in 
DNA repair in invertebrate species including mussels. Moreover, these results provide 
additional evidence that changes in genetic structure of M. edulis exposed to a 
genotoxicant (radiation) can be detected at the DNA level. 
The level of Chk1 mRNA expression in gonad tissues of Ravenglass mussels 
showed a statistically significant decrease in comparison to reference mussels sampled 
from Brighton Marina (Fig. 7.3.3.1). Similar to these results, Gatei et al. (2003) 
concluded a decrease in Chk1 phosphorylation activity following exposure to 6 Gy of 
IR for 30 min. In contrast, Watson et al. (2004) reported that IR does not alter mRNA 
levels of checkpoints genes, rad3, chk1 and cds1. The behaviour and significance of 
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Chk1 mRNA expression following exposure to IR is therefore less clear and further 
work is needed to clarify this. It is important to note that Chk1 mRNA expression, as 
well as that of other cell cycle checkpoints, are not specific to IR and maybe induced or 
inhibited by many different agents present in the environment (Bi et al., 2006; 
Shiromizu et al., 2006; Caino et al., 2007).  
Several studies investigated radionuclide concentration in many organisms from 
different environmental locations in the world. For instance, in Amchitka island 
(Alaska) Octopus showed high concentration of 137Cs (0.262 ± 0.029 Bq/kg) while 
mussels showed high concentration of 234,238U (0.844 ± 0.804 Bq/kg, 0.730 ± 0.646 
Bq/kg respectively) (Burger et al., 2007). Much lower values were obtained in mussels 
sampled from two different locations in Bangladesh, the 137Cs and 134Cs were reported 
to be under the detection limit (0.024 Bq/kg and 0.076 Bq/kg) (Alam et al., 1999). 
However, the concentration factor of 226Ra, 232Th and 238U was higher in both Perna 
viridis and Modiolus striatulus mussel’s shell in comparison to the tissue. Higher 
radionuclide concentrations were reported in Rhône River, France, which is known as 
Europe’s biggest concentration of nuclear power plants, 137Cs concentration was 
estimated to reach 100 GBq/yr and 2000 Bq/m2 in water and soil respectively, also 
239+240Pu and 238Pu concentrations reached 50 Bq/m2 and 1.5 Bq/m2 in soil  (Eyrolle et 
al., 2005). Also in Italy, radionuclide concentrations were measured at seven different 
sites between north and south Marche, using M. galloprovincialis and the mean total 
uranium and 210Po activity was recorded at 2.34 Bq/kg and 149 Bq/kg respectively 
(Meli et al., 2008). Further radionuclide concentrations were measured at different sites 
in the UK (Table 1.1.1). In relation to these published levels of radionuclides, the data 
provided showed a relatively high concentration of radionuclides in Ravenglass mussel 
tissues (238Pu at 3.7 Bq/kg, 239,240Pu at 19 Bq/kg, 241Am at 34 Bq/kg) compared to 
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Brighton mussels (<0.1 Bq/kg, <0.1 Bq/kg, <4 Bq/kg respectively). Moreover, 
radionuclide concentrations in Ravenglass mussels showed higher levels (210Po at 64 
Bq/kg, 60Co at <5 Bq/kg, 155Eu at <600 Bq/kg, 65Zn at <10 Bq/kg) than Ravenglass 
sediment samples (4.9 Bq/kg, <0.8 Bq/kg, <300 Bq/kg, <2 Bq/kg respectively). Also, 
the concentration of 137Cs radionuclides in Ravenglass mussel tissues (5.1 Bq/kg) 
noticed to be higher than these reported previously in Bangladesh and Alaska (Alam et 
al., 1999; Burger et al., 2007). 210Po concentration, in contrast, showed lower levels in 
Ravenglass mussel tissues (64 Bq/kg) compared to levels reported in M. 
galloprovincialis (149 Bq/kg) sampled in Italy (Meli et al., 2008). However, in the 
study of Yamada et al. (1999) determining different radionuclide concentrations in 
several species of bivalve along the Japanese coast, 239,240Pu and 137Cs concentration 
levels were reported as significantly lower (0.8-6.1 mBq/kg wet weight and 47-62 
mBq/kg wet weight respectively) compared to the levels of Ravenglass mussel tissues. 
Moreover, along the coastal region of the Baltic and Mediterranean Seas, 60 locations 
were investigated for 137Cs concentration level using M. galloprovincialis (The 
bault et 
al., 2008), and a range of values were reported in different European countries (0.01-
0.03 Bq/kg wet weight in France, 0.008-<0.05 Bq/kg wet weight in Italy, 0.01-0.077 
Bq/kg wet in Spain, 0.7-1.5 Bq/kg wet in Ukraine), which were all lower than 137Cs 
concentration level reported in Ravenglass mussel tissues in this study. In the UK, 
radionuclide concentration levels reported in RIFE14 (2008) were lower in comparison 
with this study. For instance, concentrations of 241Am, 137Cs, 60Co and 155Eu of 
Ravenglass mussel tissues in the current study were higher (34 Bq/kg, 5.1 Bq/kg, <5 
Bq/kg, <600 Bq/kg respectively) compared to these reported (12 Bq/kg, 1.5 Bq/kg, 1.3 
Bq/kg, <0.16 Bq/kg respectively) in RIFE14 (2008). This trend is consistent with the 
concentrations also recently reported in RIFE15 (2009).  
 133
 
 
Despite these low IR concentrations, relative to EU dose limits, detected in mussel 
tissues from the Ravenglass site, the comet analysis and Rad51 mRNA levels indicate 
that the organisms are indeed impacted. In agreement with this, Jha et al. (2005) 
reported that M. edulis treated with low doses of tritium (3.7-147 MBq/l equivalent to 
12 to 485 µGy/h) showed induction of DNA damage, micronuclei and increasing 
activity concentration in different tissue starting with gut followed by the gill, mantle, 
muscle and the lowest concentration was observed in faeces and pseudo-faeces. Using 
Rad51 mRNA expression and MN assay on blood samples, Bishay et al. (2001) also 
reported a significant correlation ship between the induction of MN and Rad51 mRNA 
expression following exposure to radiation at dose of 0.5 and 2 Gy. Moreover, Harrison 
and Anderson (1994b) who studied the effects of life time exposure to IR on the 
polychaete worm, N. arenaceodentata, reported a significant decrease in live embryos 
and an increase in abnormal embryos.  
In this study, the mussels collected from the impacted environmental sampling 
site at Ravenglass have been chronically exposed to relatively low doses of IR, yet show 
a significant increase of DNA damage detected at the cellular level using the comet 
assay and also at the molecular level using the Rad51 mRNA expression qPCR method. 
The possible role of Rad51 and essential kinases in the DNA repair mechanism in the 
invertebrate, M. edulis, based on predicted homology of sequence with the vertebrate 
counterparts, is shown in Fig. 7.4.1.   
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In previous chapter, it was observed 
that a range of experimentally-induced IR 
doses, resulted in a significant increase in 
Rad51 and Chk1 mRNA expression levels, 
and which forces a consideration of the 
potential effects of IR on M. edulis at the 
molecular level. These results are in 
agreement with the data of Anderson et al. 
(1990) in which N. arenaceodentata treated 
with one of four different radiation doses (2, 
4, 8, and 16 Gy) induced detrimental 
reproduction and genetic damage (increase 
chromosomal aberrations) impacts.  
In the environmental sampling analysis, the radionuclide concentration values 
(Table 7.3.4.1) included β and γ radionuclides. γ-emitters are believed to be more 
biologically harmful than β-emitters such as tritium (Jha et al., 2005). However, it has 
been suggested that the biological influences of β-radiation could be higher in some 
aquatic invertebrates than mammalian (Straume and Carsten, 1993) due to the fact of 
high ionization of β-emitters per unit of tissue volume. In both cases, chronic exposure 
to either γ or β leads to reduction in the reproductive function of marine environment 
(Knowles and Greenwood, 1997). The biological effects of deposited radionuclides 
depend on many factors mostly on the activity, biodistribution and removal rates of the 
radionuclide, which in turn depends on its chemical form. Also, another factor may be 
the chemical toxicity of the deposited material. The amount of injury caused by a 
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Fig. 7.4.1. Simplified diagram of Rad51 actions and 
possible DNA repair mechanism in invertebrate. 
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radioactive isotope depends on its physical half-life, process or time of absorption and 
excretion by the organism.  
In summary, many studies of the harmful effects of radiation have been reported 
(Templeton et al., 1971; IAEA, 1976; Anderson and Harrison, 1986; Sokolov et al., 
1989; Anderson et al., 1990; NCRPM109, 1991c; Abramov et al., 1992; IAEA, 1992; 
Zainullin et al., 1992; Sokolov et al., 1993; Harrison and Anderson, 1994a,b; 
Zdzienicka, 1995; Sugg et al., 1996; UNSCEAR, 1996; Neel, 1998; Theodorakis and 
Shugart, 1998; Sastre et al., 2001; Stoeva et al., 2001; Stoeva, 2002; Aka et al., 2004; 
Tallarico et al., 2004; Hagger et al., 2005a; Jha et al., 2005; Jo and Kwon, 2006; NRC, 
2006; UNSCEAR, 2006; Hameed et al., 2008; Saghirzadeh et al., 2008; Seaver et al., 
2009). Here, we have observed cellular and molecular indications of DNA damage in 
mussels sampled from a site impacted by chronic, yet relatively low level, IR. 
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Chapter 8 
Summary and Conclusion 
 
8.1. SUMMARY 
IR pollution is a pressing environmental concern for international and national 
regulatory authorities, tasked with monitoring the levels of contaminants in the 
environment as well as the health of organisms living in the environment, and the 
public. The handling and use of radioactive materials, the design and operation of 
nuclear power plants are likely to become more of an issue, particularly after the 
Fukushima accident in Japan that is now considered to be the second largest nuclear 
accident after the Chernobyl disaster. Aquatic environments are vulnerable to biological 
impacts by radioactive contaminants, as evidenced by a large number of studies that 
have confirmed the presence levels of IR in water, sediments and aquatic biota in the 
aquatic environment (Harrison and Anderson, 1994a,b; Cook et al., 2004; Gulliver et 
al., 2004; Hagger et al., 2005a; Jha et al., 2005; Arnaud et al., 2006; RIFE12, 2006; 
Burger et al., 2007; Farcy et al., 2007; Godoy et al., 2008; The 
bault et al., 2008; 
RIFE14, 2008; Grung et al., 2009; RIFE15, 2009).   
The aim of this project was to establish whether IR can affect mussels at the 
molecular level by developing a molecular biomarker in M. edulis specific to double 
strand DNA damage and repair pathways, while also anchoring the new technique to an 
established sub-cellular analytical technique that detects DNA damage through the use 
of comet assay. The novel molecular biomarker was initially to be developed using 
experimentally-exposed mussel samples and then applied to the environment. 
Initially, an extraction and PCR methodology was developed to isolate Rad51 and 
Chk1 mRNA sequences from normal M. edulis tissues. A qPCR was then developed and 
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employed using mussel samples that had been exposed to experimental (to elicit a 
response) and environmentally-relevant doses of IR. A partial fragment of a Rad51 gene 
(involved in vertebrates in the DNA repair) and Chk1 gene were isolated from the 
marine mussel, and a quantitative assay to measure their expressions was developed. To 
validate the assay, the response following experimental and environmental exposure to 
IR was assessed. 
A molecular analysis of a gene involved in the pathway (targeted molecular 
approach) should provide more information about the action of IR within the organism. 
To do that, a partial DNA fragment of 837 bp of a Rad51 gene was isolated and 
characterized using primers designed from several different vertebrate and invertebrate 
species including D. polymorpha Rad51. The deduced amino acid sequence was 
homologous to more than 80% of the entire mRNA sequence of the Rad51 gene in 
vertebrates (Fig. 3.4.1). The fragment isolated from M. edulis had between 83%-87% 
similarity with the corresponding area of Rad51 sequences in vertebrate and zebra 
mussel. All amino acid residues shown to be important for the ATP binding domain 
(Walker A, B motifs) and multimer BRC interface were present in the isolated Rad51 
sequence (Thompson and Schild, 1999; Shin et al., 2003; Wiese et al., 2006).  
Another molecular target involved in DNA damage and repair was also analysed, 
Chk1, which is an essential kinase that plays an important role in cell cycle checkpoints 
(Liu et al., 2000). In order to investigate Chk1, a partial DNA fragment of 744 bp of a 
Chk1 gene was isolated and characterized using primers designed from several different 
vertebrate species. The deduced amino acid sequence corresponded to approximately 
two thirds of the entire mRNA sequence of the Chk1 gene in vertebrates (Fig. 4.4.1). 
The fragment isolated from M. edulis had a range of 44%-57% similarity with the 
corresponding area of Chk1 sequences in vertebrate. All amino acid residues shown to 
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be important for the for ATP binding, Activation loop, Catalytic loop, kinase activity 
and for the substrate binding are present in the Chk1 (Krek and Nigg, 1991; Parker and 
Piwnica-Worms, 1992; Kumagai et al., 1998; Chen et al., 2000). 
The partial fragments of the mussel Rad51 and Chk1 genes isolated were used to 
quantify Rad51 and Chk1 mRNA expression using a real time PCR technique and 
DNA-specific dye SYBR Green as a fluorescent reporter. The values obtained from the 
fluorescence signal were normalized with a housekeeping gene, 18s rRNA, which is 
equally expressed in all the samples (Arenz et al., 2007; Banda et al., 2008). The 
oligonucleotides designed for the amplification of Rad51 and Chk1 were highly 
specific, as confirmed for the presence of a single homogeneous melt peak of each for 
all the samples and the cloning of the fragments obtained (sections 5.3.4 and 5.3.5). The 
efficiencies of the amplification, for the housekeeping gene, Rad51 and Chk1, were 
close to 100% and within 5% with each other (section 5.3.3) and therefore confirmed 
the suitability of the use of the comparative Ct method for the relative quantification of 
Rad51 and Chk1 mRNA expression.  
Several proteins are involved in the DNA damage response and repair pathways 
particularly HR. H2AX phosphorylation has been applied to many studies due to its 
important role as a biomarker in response to DSB (Celeste et al., 2003; Kinner et al., 
2008; Medvedeva et al., 2007) and recently involving in the DNA repair (Paul et al., 
2000; Hanasoge and Ljungman, 2007). Another essential DNA repair protein suggested 
to involve with H2AX phosphorylation is Mre11-Rad50-Nbs1 complex (MRX) which 
is a protein complex recognizes DNA damage and rapidly relocates to DSB sites and 
forms nuclear foci (Paull and Lee, 2005; Yuan and Chen, 2010). Another protein play 
important role in preventing single stranded DNA from winding back on it self at DSB 
site is replication protein A (RPA) and its function leads to ease the way for Rad51 
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repairing DNA (Golub et al., 1998; Mimitou and Symington, 2009; Peng and Lin, 
2011). These proteins can act as early warning molecular biomarkers of DNA DSB 
damage. 
M. edulis individuals, collected in September 2010 from Brighton Marina and 
exposed to a range of experimental dose levels of IR, were screened using the 
developed assay to assess the levels of expression of the putative Rad51 and Chk1 
genes. Experimental exposure of M. edulis to 137Cs (1, 2, 10 and 50 Gy) resulted in an 
increase in the levels of Rad51 transcripts, but only statistically significantly at 50 Gy 
(sections 6.3.1). In a time dependent manner (using mussel exposure groups analysed on 
4 and 7 days following exposure to 2 Gy of 137Cs), the Rad51 mRNA expression 
increased significantly, similarly to other studies reported in the medical literature 
(Yuan et al., 2003; Chinnaiyan et al., 2005; Taghizadeh et al., 2009). For the expression 
of Chk1, a significant increase resulted following exposure to 1, 2 and 10 Gy of IR. 
While no such studies using samples from the environment on Chk1 mRNA expression 
have been reported in the literature as yet, similar results have reported on using Chk1 
phosphorylation as an indication of increased activity (Gatei et al., 2003). 
For the analysis of mussel tissues collected from environmental sampling sites, 
radionuclide concentrations were measured in sediment samples and mussel tissues 
collected from an impacted site at Ravenglass Estuary and a reference site at Brighton 
Marina (Table 7.3.4.1 and Table 7.3.4.2). These concentrations were compared with 
previous radionuclide levels reported around the world. In the mussel samples collected 
from the two environmental sites, comet analysis showed highly significant DNA 
damage in Ravenglass M. edulis haemolymph compared to samples from Brighton 
Marina (Fig. 7.3.1.2). This finding is in agreement with previous studies where low 
level IR doses apparently induce DNA damage measured using comet assay (Hagger et 
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al., 2005a; Jha et al., 2005). At the molecular level, increased Rad51 mRNA expression 
was observed in Ravenglass mussel tissue samples compared to Brighton mussels (Fig. 
7.3.2.1). Similarly to our results, levels of Rad51 mRNA and protein have been found to 
be higher following IR treatment in different species including yeast (Bishay et al., 
2001; Watson et al., 2004; Chinnaiyan et al., 2005). These results highlight the impact 
of IR at the cellular and molecular level in an invertebrate species and suggest that 
Rad51 could act as an IR-specific molecular biomarker for inclusion in environmental 
biomonitoring studies.  
Currently, there is disagreement among scientists about whether there is a 
threshold dose for radiation causing damage to organisms, Cohen (2008) discussed the 
no-threshold theory and conclude that the risks of low radiation dose may be zero or 
even negative. Other scientists believe that biological repair systems can fix the 
biological damage caused by low doses of radiation (Mitchel, 2007; Cuttler and 
Pollycove, 2009). However, these scientists claim that the low doses of radiation are not 
harmful. In toxicology, this opinion could be referred to ‘Radiation Hormesis’, which is 
a theory of chronic low doses of IR being beneficial stimulating repair mechanisms 
(Calabrese and Baldwin, 2003; Feinendegen, 2005; Cuttler and Pollycove, 2009). Much 
of the studies on radiation hormesis relates to plants, fungi, algae, protozoans, insects, 
and no mammalian vertebrates (Calabrese and Baldwin 2000). It was reported that low 
dose of radiation might be beneficial and cause stimulatory responses such as accelerate 
growth rate in young, increase reproductive ability, extend life sapan, and other 
stimulatory effects on the immune system (UNSCEAR, 1994). Other studies were 
mentioned in UNSCEAR (1994) reporting that chronic exposure to low doses of 
radiation followed by a single challenge dose showed reduction in chromatid abberation 
and sister chromatid exchange compared to a control group that receives only the 
 141
 
 
challenge dose (Olivieri et al., 1984). These responses have been referred to as the 
‘adaptive response’, meaning that the effective response remains for several hours after 
exposure (UNSCEAR, 1994; Bonner, 2003).  
In summary, relatively low-level IR apparently causes an induction of DNA 
damage (as measured using the comet assay) and triggers at least one DNA repair 
mechanism (Rad51 mRNA expression) in mussels.  
 
8.2. CONCLUSIONS 
1. Published evidence in the scientific literature has already confirmed that DNA 
damage is present in aquatic biota following IR exposure in the environment. 
Herein, a molecular biomarker Rad51, DNA repair protein, was investigated in M. 
edulis following IR exposure. An 837 bp fragment of a Rad51 gene was isolated 
from mussel gonads using RT-PCR and degenerate primers designed. The deduced 
amino acid sequence is part of the ATP binding domain of Rad51 and shares 80% 
similarity with Rad51 in vertebrate species. The isolated fragment features the 
amino acid residues important for the ATP binding activity, further supporting the 
identity of the fragment as part of the Rad51 gene. 
2. Cell cycle checkpoints are also essential in the DNA damage response pathways. 
Chk1 was also investigated in M. edulis following IR exposure. A 744 bp fragment 
of a Chk1 gene was isolated from mussel gonads using RT-PCR and degenerate 
primers designed. The deduced amino acid sequence is part of the ATP and 
substrate binding domain of Chk1 and shares 44% to 57% similarity with Chk1 in 
vertebrate species. The isolated fragment features the amino acid residues important 
for the ATP and substrate binding activity, further supporting the identity of the 
mussel fragment as part of the Chk1 gene. 
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3. A real-time PCR based assay was developed to quantify the expression of the novel 
Rad51 and Chk1 genes. It was optimised to provide a high degree of specificity and 
subsequently used to measure Rad51 and Chk1 mRNA levels in mussel samples 
experimentally-exposed to different levels of IR. 
4. The expression of Rad51 mRNA studied in experimentally exposed mussels 
increased in IR dose groups (1, 2, 10 and 50 Gy) relative to the control samples. 
However, there was only a statistically significant increase in Rad51 mRNA 
expression at 50 Gy dose compared to control group. In terms of time course, Rad51 
mRNA expression significantly increased after 4 and 7 days following a dose of 2 
Gy compared with control samples. For Chk1, a significant increase in mRNA 
levels was detected in mussels exposed to 1, 2 and 10 Gy of IR. There were no 
significant changes in the levels of Chk1 mRNA expression between the control and 
the irradiated (2 Gy) group analysed on 4 and 7 days.  
5. In the samples collected from two environment sample sites (IR impacted and 
reference), the haemolymph from mussels collected from the IR impacted site at 
Ravenglass Estuary showed statistically significant DNA damage compared to 
mussels sampled from the reference site at Brighton Marina. At the molecular level, 
Rad51 mRNA expression was significantly higher in tissue samples of mussels 
sampled at the IR-impacted Ravenglass site compared to mussel samples from the 
reference site at Brighton Marina. In contrast, a reduction on Chk1 mRNA was 
observed in mussels collected from Ravenglass compared to mussels from the 
reference site. The radionuclide analytical data provided by Prof Cundy (Brighton 
University) confirmed that the sediments and mussel tissues at Ravenglass Estuary 
were elevated in a number of radionuclide concentrations compared to the reference 
site.  
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6. These results present evidence of sub-cellular, molecular level IR impact in the 
aquatic invertebrate, M. edulis. Rad51 mRNA expression may provide a potential 
biomarker of IR-inducing DNA-DSBs. In conducting this work, we have also 
increased our understanding of the DNA damage response and DNA repair 
mechanisms in an aquatic invertebrate species and this may lead to the discovery of 
new early warning biomarkers that can be used as tools for biomonitoring of 
pollution effects in the environment. 
7. There are a number of limitations inherent in this investigation. One is that the 
sample saize is relatively small and that ideally a larger study would be performed 
to gain more statistical power. Also, ideally, a lower experimental exposure dose, 
and greater range of dose level, should be employed to determine a dose response 
relationship. 
 
8.3. FUTURE WORK 
Further experiments could be targeted towards:  
1. Molecular analysis, and employment of the Rad51 mRNA expression, of mussels 
exposed to lower levels of IR. At present there is a hypothesis that very low level IR 
exposure has no effect, and a concept of a threshold. This assay is very sensitive, as 
shown by the results of mussels collected from Ravenglass Estuary where radionuclide 
concentrations are below EU statutory limits, would allow scientists to determine if 
chronic low level exposure has detrimental effects not previously measured.  
2. The sequencing and investigating of proteins involved in DNA repair in mussel. The 
results obtained would provide a better understanding of the DNA repair mechanism in 
mussels and pathways involved in DNA damage response. This would recognise and 
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address the possible issue that not all DNA damage is detrimental since it may be 
repaired before any long term repercussions occur. 
3. Sequence the complete Chk1 gene in M. edulis and other possible proteins to 
confirm Chk1 role in cell cycle, study expression patterns and enzyme activity 
following different IR exposure regimes. By analysing the expression of the novel Chk1 
RNA, as well as other proteins involved in cell cycle checkpoints we could be able to 
clarify if the RNA transcript of the novel Chk1 is likely to play a functional role in DNA 
damage response.  
4. Sequence biomarkers such as Rad52, replication protein A (RPA) and Rad55/57 
genes in M. edulis and other possible DNA repair proteins, study expression patterns 
following different exposure conditions. By analysing the expression of other novel 
biomarkers, a clear view of DNA repair pathways will be achieved in invertebrate. 
5. Apply the same methodology for the study of DNA damage in different invertebrate 
species, including terrestrial indicator organisms, which are also exposed to sources of 
IR. The results could enhance our understanding of the DNA repair mechanisms 
between invertebrate species, hence, gaining insight into the extent to which it is 
possible to extrapolate between species.  
 
 
 
 
 
 
 
 
 145
 
 
References 
Abramov, V., Fedorenko, O. & Shevchenko, V. (1992) “Genetic Consequences of 
Radioactive Contamination for Populations of Arabidopsis” Science of the Total 
Environment 112(1): pp.19-28. 
Adams, M., Celniker, S., Holt, R., Evans, C., Gocayne, J., Amanatides, P., Scherer, S., 
Li, P., Hoskins, R., Galle, R., George, R., Lewis, S., Richards, S., Ashburner, 
M., Henderson, S., Sutton, G., Wortman, J., Yandell, M., Zhang, Q., Chen, L., 
Brandon, R., Rogers, Y., Blazej, R., Champe, M., Pfeiffer, B., Wan, K., Doyle, 
C., Baxter, E., Helt, G., Nelson, C., Gabor, G., Abril, J., Agbayani, A., An, H., 
Andrews-Pfannkoch, C., Baldwin, D., Ballew, R., Basu, A., Baxendale, J., 
Bayraktaroglu, L., Beasley, E., Beeson, K., Benos, P., Berman, B., Bhandari, D., 
Bolshakov, S., Borkova, D., Botchan, M., Bouck, J., Brokstein, P., Brottier, P., 
Burtis, K., Busam, D., Butler, H., Cadieu, E., Center, A., Chandra, I., Cherry, J., 
Cawley, S., Dahlke, C., Davenport, L., Davies, P., de Pablos, B., Delcher, A., 
Deng, Z., Mays, A., Dew, I., Dietz, S., Dodson, K., Doup, L., Downes, M., 
Dugan-Rocha, S., Dunkov, B., Dunn, P., Durbin, K., Evangelista, C., Ferraz, C., 
Ferriera, S., Fleischmann, W., Fosler, C., Gabrielian, A., Garg, N., Gelbart, W., 
Glasser, K., Glodek, A., Gong, F., Gorrell, J., Gu, Z., Guan, P., Harris, M., 
Harris, N., Harvey, D., Heiman, T., Hernandez, J., Houck, J., Hostin, D., 
Houston, K., Howland, T., Wei, M., Ibegwam, C., Jalali, M., Kalush, F., Karpen, 
G., Ke, Z., Kennison, J., Ketchum, K., Kimmel, B., Kodira, C., Kraft, C., 
Kravitz, S., Kulp, D., Lai, Z., Lasko, P., Lei, Y., Levitsky, A., Li, J., Li, Z., 
Liang, Y., Lin, X., Liu, X., Mattei, B., McIntosh, T., McLeod, M., McPherson, 
D., Merkulov, G., Milshina, N., Mobarry, C., Morris, J., Moshrefi, A., Mount, 
S., Moy, M., Murphy, B., Murphy, L., Muzny, D., Nelson, D., Nelson, D., 
 146
 
 
Nelson, K., Nixon, K., Nusskern, D., Pacleb, J., Palazzolo, M., Pittman, G., Pan, 
S., Pollard, J., Puri, V., Reese, M., Reinert, K., Remington, K., Saunders, R., 
Scheeler, F., Shen, H., Shue, B., Sidén-Kiamos, I., Simpson, M., Skupski, M., 
Smith, T., Spier, E., Spradling, A., Stapleton, M., Strong, R., Sun, E., Svirskas, 
R., Tector, C., Turner, R., Venter, E., Wang, A., Wang, X., Wang, Z., 
Wassarman, D., Weinstock, G., Weissenbach, J., Williams, S., Woodage, T., 
Worley, K., Wu, D., Yang, S., Yao, Q., Ye, J., Yeh, R., Zaveri, J., Zhan, M., 
Zhang, G., Zhao, Q., Zheng, L., Zheng, X., Zhong, F., Zhong, W., Zhou, X., 
Zhu, S., Zhu, X., Smith, H., Gibbs, R., Myers, E., Rubin, G. & Venter, J. (2000) 
“The Genome Sequence of Drosophila melanogaster” Science 287(5461): 
pp.2185-2195. 
Aguirre-Ghiso, J. (2007) “Models, Mechanisms and Clinical Evidence for Cancer 
Dormancy” Nature Reviews Cancer 7(11): pp.834-846. 
Ahmed, J. (1981) “Occupational Radiological Safety in Uranium Mines and Mills” 
IAEA BULLETIN 23(2): pp.29-32. 
Aka, P., Mateuca, R., Buchet, J., Thierens, H. & Kirsch-Volders, M. (2004) “Are 
Genetic Polymorphisms in OGG1, XRCC1, and XRCC3 Genes Predictive for 
the DNA-strand Break Repair Phenotype and Genotoxicity in Workers Exposed 
to Low Dose Ionising Radiations?” Mutation Research Fundamental and 
Molecular Mechanisms of Mutagenesis 556(1-2): pp.169-181. 
Akaboshi, E., Inoue, Y. & Ryo, H. (1994) “Cloning of the cDNA and Genomic DNA 
that Correspond to the RecA-like Gene of Drosophila melanogaster” Japanese 
Journal of Genetics 69(6): pp.663-670. 
 147
 
 
Alam, M., Chowdhury, M., Kamal, M., Ghose, S., Matin, A. & Ferdousi, G. (1999) 
“Radionuclide Concentrations in Mussels Collected from the Southern Coast of 
Bangladesh” Journal of Environmental Radioactivity 47(2): pp.201-212. 
Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K. & Walter, P. (2008) Molecular 
Biology of the Cell (5th ed.). Garland Science. p.303. 
Anderson, S. & Harrison, F. (1986) “Effect of Radiation on Aquatic Organisms and 
Radiobiological Methodologies for Effects Assessment” Environmental 
Prptection Agency ‘EPA’ EPA520/1-85-OT6 
Anderson, S., Harrison, F., Chan, G. & Moore, D. (1990) “Comparison of Cellular and 
Whole-Animal Bioassays for Estimation of Radiation Effects in the Polychaete 
Worm Neanthes arenaceodentata (Polychaeta)” Archives of Environmental 
Contamination and Toxicology 19(2): pp.164-174. 
Anderson, D., Yu, T., Phillips, B. & Schmezer, P. (1994) “The Effect of Various 
Antioxidants and other Modifying Agents on Oxygen-radical-generated DNA 
Damage in Human Lymphocytes in the COMET Assay” Mutation Research 
307(1): pp.261-271. 
Arenz, A., Stojicic, N., Lau, P., Hellweg, C., Baumstark-Khan, C. (2007) “Suitability of 
Commonly used Housekeeping Genes in Gene Expression Studies for Space 
Radiation Research” Advances in Space Research 39(6): pp.1050-1055. 
Arnaud, F., Magand, O., Chapron, E., Bertrand, S., Boes, X., Charlet, F. & Melieres, M. 
(2006) “Radionuclide Dating (210Pb, 137Cs, 241Am) of Recent Lake Sediments in 
a Highly Active Geodynamic Setting (Lakes Puyehue and Icalma—Chilean 
Lake District)” Science of the Total Environment 366 (2-3): pp.837-850. 
 148
 
 
Arnaudeau, C., Helleday, T. & Jenssen, D. (1999) “The RAD51 Protein Supports 
Homologous Recombination by an Exchange Mechanism in Mammalian Cells” 
Journal of Molecular Biology 289(5): pp.1231-1238. 
Aroutiounian, R. (2006) “Principles and Results of Genetic Monitoring of Chemical 
Mutagens and Radiation Effects in Armenia” In: NATO security through 
science series B, Physics and Biophysics, Volume 9, pp. 127-136. 
Arukwe, A. (2006) “Toxicological Housekeeping Genes: Do They Really Keep The 
House?” Environmental Science & Technology 40(24): pp.7944-7949. 
Bahassi, E., Ovesen, J., Riesenberg, A., Bernstein, W., Hasty, P. &  Stambrook, P. 
(2008) “The Checkpoint Kinases Chk1 and Chk2 Regulate the Functional 
Associations between hBRCA2 and Rad51 in Response to DNA Damage” 
Oncogene 27(28): pp.3977-3985. 
Bakkenist, C. & Kastan, M. (2003) “DNA Damage Activates ATM through 
Intermolecular Autophosphorylation and Dimer Dissociation” Nature 
30(421):pp.499-506. 
Banda, M., Bommineni, A., Thomas, R., Luckinbill, L. & Tucker, J. (2008) “Evaluation 
and Validation of Housekeeping Genes in Response to Ionizing Radiation and 
Chemical Exposure for Normalizing RNA Expression in Real-time PCR” 
Mutation Research 649(1-2): pp.126-134. 
Barbano, R., Copetti, M., Perrone, G., Pazienza, V., Muscarella, L., Balsamo, T., 
Storlazzi, C., Ripoli, M., Rinaldi, M., Valori, V., Latiano, T., Maiello, E., 
Stanziale, P., Carella, M., Mangia, A., Pellegrini, F., Bisceglia, M., Onetti Muda, 
A., Altomare, V., Murgo, R., Fazio, V. & Parrella, P. (2010) “High RAD51 
mRNA Expression Characterize Estrogen Receptor-positive/progesteron 
 149
 
 
Receptor-negative Breast Cancer and is Associated with Patient’s Outcome” 
International Journal of Cancer DOI: 10.1002/ijc.25736 
Baumann, P. & West, S. (1998) “Role of the Human RAD51 Protein in Homologous 
Recombination and Double-stranded-break Repair” Trends in Biochemical 
Sceinces 23(7): pp.247-251.  
Bi, X., Barkley, L., Slater, D., Tateishi, S., Yamaizumi, M., Ohmori, H. & Vaziri, C. 
(2006) “Rad18 Regulates DNA Polymerase ĸ and Is Required for Recovery 
from S-Phase Checkpoint-Mediated Arrest” Molecular and Cellular Biology 
26(9): pp.3527-3540. 
Bishay, K., Ory, K., Olivier, M., Lebeau, J., Levalois, C. & Chevillard, S. (2001) “DNA 
Damage-related RNA Expression to Assess Individual Sensitivity to Ionizing 
Radiation” Carcinogenesis 22(8): pp.1179-1183. 
Blaylock, B., Frank, M. & O’Neal, B. (1993) “Methodology for Estimating Radiation 
Dose Rates to Freshwater Biota Exposed to Radionuclides in the Environment” 
Report ES/ER/TM-78 for the US Department of Energy. Oak Ridge, TN, USA, 
Oak Ridge National Laboratory. 
Blaylock, B. & Witherspoon, J. (1975) “Dose Estimation and Prediction of Radiation 
Effects on Aquatic Biota Resulting from Radioactive Releases from the Nuclear 
Fuel Cycle” IAEA-SM-198 
Bonner, W. (2003) “Low-dose Radiation: Thresholds, Bystander Effects, and Adaptive 
Responses” PNAS 100(9): pp.4973-4975.  
Bonner, W., Redon, C., Dickey, J., Nakamura, A., Sedelnikova, O., Solier, S. & 
Pommier, Y. (2008) “Opinion γH2AX and Cancer” Nature Reviews Cancer 
8(12): pp.957-967. 
 150
 
 
Borcherding, J. (2006) “Ten Years of Practical Experience with the Dreissena-Monitor, 
a Biological Early Warning System for Continuous Water Quality Monitoring” 
Hydrobiologia 556: pp.417-426. 
Borges, H., Linden, R & Wang, J. (2008) “DNA-Damage Induced Cell Death: Lessons 
from Central Nervous System” Cell Research 18(1): pp.17-26 
Branzei, D. & Foiani, M. (2008) “Regulation of DNA Repair throughout the Cell 
Cycle” Nature Reviews, Molecular Cell Biology 9(4): pp.297-308. 
Brooks, A., Khan, M., Jostes, R. & Cross, F. (1993) “Metaphase Chromosome 
Aberrations as Markers of Radiation Exposure and Dose” Journal of Toxicology 
and Environmental Health 40(2-3): pp.277-88. 
Browner, W., Kahn, A., Ziv, E., Reiner, A., Oshima, J., Cawthon, R., Hsueh, W. & 
Cummings, S. (2004) “The Genetics of Human Longevity” American Journal of 
Medicine 117(11): pp.851-860. 
Budman, J. & Chu, G. (2005) “Processing of DNA for Nonhomologous End-joining by 
Cell-free Extract” European Molecular Biology Organization Journal 24(4): 
pp.849-860. 
Burger, J., Gochfeld, M. & Jewett, S. (2007) “Radionuclide Concentrations in Benthic 
Invertebrates from Amchitka and Kiska Islands in the Aleutian Chain, Alaska” 
Environmental Monitoring and Assessment 128(1-3): pp.329-341. 
Bustin, S. (2002) “Quantification of mRNA using Real-time Reverse Transcription PCR 
(RT-PCR): Trends and Problems” Journal of Molecular Endocrinology 29(1): 
pp.23-29. 
Caino, M., Oliva, J., Jiang, H., Penning, T. & Kazanietz, M. (2007) “Benzo[a]pyrene-
7,8-dihydrodiol Promotes Checkpoint Activation and G2/M Arrest in Human 
 151
 
 
Bronchoalveolar Carcinoma H358 Cells” Molecular Pharmacology 71(3): 
pp.744-750. 
Calabrese, E. & Baldwin, L. (2000) “Radiation Hormesis: its Historical Foundations as 
a Biological Hypothesis” Human & Experimental Toxicology 19(1): pp.41-75. 
Calabrese, E. & Baldwin, L. (2003) “Toxicology Rethinks its Central Belief-Hormesis 
Demands a Reappraisal of the Way Risks are Assessed” Nature 421(6924): 
pp.691-692. 
Caldecott, K. (2008) “Single-strand Break Repair and Genetic Disease” Nature Reviews 
Genetics 9(8): pp.619-631.  
Cardis, E., Howe, G., Ron, E., Bebeshko, V., Bogdanova, T., Bouville, A., Carr, Z., 
Chumak, V., Davis, S., Demidchik, Y., Drozdovitch, V., Gentner, N., 
Gudzenko, N., Hatch, M., Ivanov, V., Jacob, P., Kapitonova, E., Kenigsberg, Y., 
Kesminiene, A., Kopecky, K., Kryuchkov, V., Loos, A., Pinchera, A., Reiners, 
C., Repacholi, M., Shibata, Y., Shore, R., Thomas, G., Tirmarche, M., 
Yamashita, S. & Zvonova, I. (2006) “Cancer Consequences of the Chernobyl 
Accident: 20 Years on” Journal of Radiological Protection 26 (2): pp.127-140. 
Cartwright, R., Dunn, A., Simpson, P., Tambini, C. & Thacker, J. (1998) “Isolation of 
Novel Human and Mouse Genes of the RecA/RAD51 Recombination-repair 
Gene Family” Nucleic Acids Research 26(7): pp.1653-1659. 
Celeste, A., Fernandez-Capetillo, O., Kruhlak, M., Pilch, D., Staudt, D., Lee, A., 
Bonner, R., Bonner, W. & Nussenzweig, A. (2003) “Histone H2AX 
Phosphorylation is Dispencable for the Initial Recognition of DNA Breaks” 
Nature Cell Biology 5(7): pp.675-679. 
Committee Examining Radiation Risks of Internal Emitters ‘CERRIE’ (2004) “Report 
of the Committee Examining Radiation Risks of Internal Emitters” CERRIE.  
 152
 
 
Cetta, F., Montalto, G., Petracci, M. & Fusco, A. (1997) “Thyroid Cancer and the 
Chernobyl Accident. Are Long-term and Long Distance Side Effects of Fall-out 
Radiation Greater than Estimated?” Journal of Clinical Endocrinology & 
Metabolism 82(6): pp.2015-2016. 
Chaudhry, M. (2007) “Base Excision Repair of Ionizing Radiation-induced DNA 
Damage in G1 and G2 Cell Cycle Phases” Cancer Cell International 7:15. 
Chen, M., Luo, C., Deng, Y., Ryan, K., Register, J., Margosiak, S., Tempczyk-Russell, 
A., Nguyen, B., Myers, P., Lundgren, K., Kan, C. & O’Connor, P. (2000) “The 
1.7 angstrom Crystal Structure of Human Cell Cycle Checkpoint Kinase Chk1: 
Implications for Chk1 Regulation” Cell 100(6): pp.681-692. 
Chen, M., Ryan, C. & Piwnica-Worms, H. (2003) “Chk1 Kinase Negatively Regulates 
Mitotic Function of Cdc25A Phosphatase through 14-3-3 Binding” Molecular 
and Cellular Biology 23(21): pp.7488-7497.  
Chinnaiyan, P., Huang, S., Vallabhaneni, G., Armstrong, E., Varambally, S., Tomlins, 
S., Chinnaiyan, A. & Harari, P. (2005) “Mechanisms of Enhanced Radiation 
Response following Epidermal Growth Factor Receptor Signaling Inhibition by 
Erlotinib (Tarceva)” Cancer Research 65(8): pp.3328-3335. 
Cohen, B. (2008) “The Linear No-Threshold Theory of Radiation Carcinogenesis 
Should Be Rejected” Journal of American Physicians and Surgeons 13(3): 
pp.70-76. 
Collins, A., Ai-guo, M. & Duthie, S. (1995) “The Kinetics of Repair of Oxidative DNA 
Damage (Strand Breaks and Oxidised Pyrimidines) in Human Cells” Mutation 
Research 336(1): pp.69-77.   
Collis, S., Tighe, A., Scott, S., Roberts, S., Hendrym J. & Margison, G. (2001) 
“Ribozyme Minigene-mediated RAD51 Down-regulation Increases 
 153
 
 
Radiosensitivity of Human Prostate Cancer Cells” Nucleic Acids Research 
29(7): pp.1534-1538. 
Cook, G., MacKenzie, A., Muir, G., Mackie, G. & Gulliver, P. (2004) “Sellafield-
Derived Anthropogenic 14C in the Marine Intertidal Environment of the NE Irish 
Sea” Radiocarbon 46(2): pp.877-883. 
Cooley, J. (1973) “Effects of Chronic Environmental Radiation on a Natural Population 
of the Aquatic Snail Physa heterostroph” Radiation Research 54(1): pp.130-
140.  
Cooley, J. & Miller, F. (1971) “Effects of Chronic Irradiation on Laboratory 
Populations of the Aquatic Snail Physa heterostroph” Radiation Research 47(3): 
pp.716-724. 
Copplestone, D., Johnson, M., Jackson, D. & Jones, S. (2000) “Doses to Terrestrial 
Biota in the Vicinity of BNFL Sellafield, Cumbria, UK” Radiation Protection 
Dosimetry 92(1-3): pp.177-182. 
Crowe, T., Smith, E., Donkin, P., Barnaby, D. & Rowland, S. (2004) “Measurements of 
Sub lethal Effects on Individual Organisms Indicate Community-level Impacts 
of Pollution” Journal of Applied Ecology 41(1): pp.114-123. 
Clements, W. & Kiffney, P. (1994) “Assessing Contaminant Effects at Higher Levels of 
Biological Organization” Environmental Toxicology and Chemistry 13(3): pp. 
357-359. 
Clifton, R., Stevens, H. & Hamilton, E. (1983) “Concentration and Depuration of Some 
Radionuclides Present in a Chronically Exposed Population of Mussels (Mytilus 
edulis)” Marine Ecology - Progress Series 11(3): pp. 245-256. 
Cuttler, J. & Pollycove, M. (2009) “Nuclear Energy and Health: And the Benefits of 
Low-Dose Radiation Hormesis” Dose-Response 7(1): pp.52-89. 
 154
 
 
Daboussi, F., Dumay, A., Delacote, F. & Lopez, B. (2002) “DNA Double-Strand Break 
Repair Signaling: The Case of Rad51 Post-Translational Regulation” Cellular 
Signaling 14(12): pp.969-975. 
Delfanti, R., Tsabaris, C., Papucci, C., Kaberi, H., Lorenzelli, R., Zervakis, S., 
Tangherlini, M. & Georgopoulos, D. (2006) “Re-distribution of 137Cs Chernobyl 
Signal in the Aegean Sea” Isotopes in Environmental Studies. In: IAEA-CSP-
26. IAEA, Vienna, pp. 89-92. 
Deng, C. (2006) “Survey and Summary BRCA1: Cell Cycle Checkpoint, Genetic 
Instability, DNA Damage Response and Cancer Evolution” Nucleic Acids 
Research 34(5): pp.1416-1426. 
Dewey, W., Ling, C. & Meyn, R. (1995) “Radiation-induced Apoptosis – Relevance to 
Radiotherapy” International Journal of Radiation Oncology Biology 
Physics 33(4): pp.781-796. 
Dianov, G., O’Neill, P. & Goodhead, D. (2001) “Securing Genome Stability by 
Orchestrating DNA Repair: Removal of Radiation-induced Clustered Lesions in 
DNA” Bioessays 23(8): pp.745-749. 
Dietrich, G., Szpyrka, A., Wojtczak, M., Dobosz, S., Goryczko, K., Zakowski, L. & 
Ciereszko, A. (2005) “Effects of UV Irradiation and Hydrogen Peroxide on 
DNA Fragmentation, Motility and Fertilizing Ability of Rainbow Trout 
(Oncorhynchus mykiss) Spermatozoa” Theriogenology 64(8): pp.1809-1822. 
Difilippantonio, M., Zhu, J., Chen, H., Meffre, E., Nussenzweig, M., Max, E., Ried, T. 
& Nussenzweig, A. (2000) “DNA Repair Protein Ku80 Suppresses 
Chromosomal Aberrations and Malignant Transformation” Nature 404(6777): 
pp.510-514.  
 155
 
 
Dobyns, B. & Hyrmer, B. (1992) “The Surgical Management of Benign and Malignant 
Thyroid Neoplasms in Marshall Islanders Exposed to Hydrogen Bomb Fallout” 
World Journal of Surgery 16(1): pp.126-140. 
Du, L., Wang, Y., Wang, H., Cao, J., Liu, Q. & Fan, F. (2010) “Knockdown of Rad51 
expression induces radiation- and chemo-sensitivity in osteosarcoma cells” 
Medical Oncology  DOI 10.1007/s12032-010-9605-1 
Dubrova, Y., Grant, G., Chumak, A., Stezhka, V. & Karakasian, A. (2002) “Elevated 
Minisatellite Mutation Rate in the Post-Chernobyl Families from Ukraine” The 
American Journal of Human Genetics 71(4): pp.801-809. 
Dutta, A., Chakraborty, A., Saha, A., Ray, S. & Chatteriee, A. (2005) “Interaction of 
Radiation and Bleomycin-induced Lesions and Influence of Glutathione Level 
on the Interaction” Mutagenesis 20(5): pp.329-335.    
Eisenbud, M. (1973) Environmental Radioactivity from Natural, Industrial and Military 
Sources. 2nd ed., Academic Press, New York. 
Eisenbud, M. (1987) Environmental Radioactivity from Natural, Industrial and Military 
Sources. 3rd ed., Academic Press, New York. 
Elledge, S. (1996) “Cell Cycle Checkpoints: Preventing an Identity Crisis” Science 
274(5293): pp.1664-1672. 
Ellegren, H., Lindgren, G., Primmer, C. & Møller, A. (1997) “Fitness Loss and 
Germline Mutations in Barn Swallows Breeding in Chernobyl” Nature 
389(6651): pp.593-596. 
Engel, D. (1973) “The Radiation Sensitivities of Three Species of Fiddler Crabs (Uca 
pugilator. U. pugnans and U. minax)” Chesapeake Science 14: pp.289-291. 
Environment Canada (2000) “Priority Substances List: Assessment Report. Releases of 
Radionuclides from Nuclear Facilities (Impact on Non-human Biota)” Draft 
 156
 
 
Report for public comments. 
Eyrolle, F., Louvat, D., Metivier, J. & Rolland, B. (2005) “Origins and Levels of 
Artificial Radionuclides within the Rhône river Waters (France) for the Last 
Forty Years: Towards an Evaluation of the Radioecological Sensitivity of River 
Systems” Radioprotection 40(4): pp.435-446. 
Farcy, E., Voiseux, C., Lebel, J. & Fievet, B. (2007) “Seasonal Changes in mRNA 
Encoding for Cell Stress Markers in the Oyster Crassostrea gigas Exposed to 
Radioactive Discharges in their Natural Environment” Science of the Total 
Environment 374(2-3): pp.328-341. 
Feinendegen, L. (2005) “Evidence for Beneficial Low-level Radiation Effects and 
Radiation Hormesis” British Journal of Radiology 78(925): pp.3-7. 
Fogarty, P., Campbell, S., Abu-Shumays, R., Phalle, B., Yu, K., Uy, G., Goldberg, M. 
& Sullivan, W. (1997) “The Drosophila Grapes Gene is Related to Checkpoint 
Gene Chk1/rad27 and is Required for Late Syncytial Division Fidelity” Current 
Biology 7(6): pp.418-426. 
Forbes, V. & Calow, P. (1996) “Costs of Living with Contaminants: Implications for 
Assessing Low-Level Exposures” Biological Effects of Low Level Exposures 
(BELLE) 4(3). 
Fortini, P. & Dogliotti, E. (2007) “Base Damage and Single-strand Break Repair: 
Mechanisms and Functional Significance of Short- and Long-patch Repair 
Subpathways” DNA Repair 6(4): pp.398-409. 
Frantsevich, L., Korniushin, A., Pankov, I., Ermakov, A. & Zakharchuk, T. (1996) 
“Application of Molluscs for Radioecological Monitoring of the Chernobyl 
Outburst” Environmental Pollution 94(1): pp.91-100. 
 157
 
 
Frenzilli, G., Lori, A., Panasiuk, G., Ferdeghini, M. & Barale, R. (1998) “Comet Assay 
on Children’s Leukocytes after the Chernobyl Disaster” Mutation Research 
Genetic Toxicology and Environmental Mutagenesis 415(1-2): pp.151-158. 
Frenzilli, G., Nigro, M. & Lyons, B. (2009) “Review: The Comet Assay for the 
Evaluation of Genotoxic Impact in Aquatic Environments” Mutation Research 
Reviews in Mutation Research 681(1): pp.80-92. 
Friedberg, C. (2001) “How Nucleotide Excision Repair Protects Against Cancer” 
Nature Reviews Cancer 1(1): pp.22-33. 
Fu, Q., Cheng, J., Han, Z., Li, X., Chen, X., Zhang, P., Xiao, H., Tao, D., Hu, J. & 
Gong, J. (2006) “DNA Damage and Apoptosis of Human Airway Epithelial Cell 
Lines caused by Cigarette Smoke” Chinese Journal of Cancer 25: pp.1191-
1197. 
Galkin, V., Wu, Y., Zhang, X., Qian, X., He, Y., Yu, X., Heyer, W., Luo, Y. & 
Egelman, E. (2006) “The Rad51/RadA N-terminal Domain Activates 
Nucleoprotein Filament ATPase Activity” Structure 14(6): pp.983-992. 
Garaj-Vrhovac, V. & Zeljezic, D. (2004) “Comet Assay in the Assessment of the 
Human Genome Damage Induced by γ-Radiation in Vitro” Radiation Oncology 
38(1): pp.43-47. 
Gardenfors, U., Westermark, T. & Carell, B. (1988) “Use of Land-Snail Shells as 
Environmental Archives” Ambio 17(5): pp.347-349. 
Gasior, S., Olivares, H., Ear, U., Hari, D., Weichselbaum, R. & Bishop, D. (2001) 
“Assembly of RecA-like Recombinases: Distinct Roles for Mediator Proteins in 
Mitosis and Meiosis” PNAS 98(15): pp.8411–8418. 
 158
 
 
Gaso, M., Cervantes, M. & Segovia, N. (1995) “Cs-137 and Ra-226 Determination in 
Soil and Land Snails from a Radioactive-Waste Site” Science of the Total 
Environment 173(1-6): pp.41-45. 
Gatei, M., Sloper, K., Sorenson, C., Syljuasen, R., Falck, J., Hobson, K., Savage, K., 
Lukas, J., Zhou, B., Bartek, J. & Khanna, K. (2003) “Ataxia-telangiectasia-
mutated (ATM) and NBS1-dependent Phosphorylation of Chk1 on Ser-317 in 
Response to Ionizing Radiation” The Journal of Biological Chemistry 278(17): 
pp.14806-14811. 
Gebicki, S. & Gebicki, J. (1999) “Crosslinking of DNA and Proteins Induced by Protein 
Hydroperoxides” Biochemical Journal 338(3): pp.629-636.   
Gedik, C., Ewen, S. & Collins, A. (1992) “Single Cell Gel Electrophoresis Applied to 
the Analysis of UV-C Damage and its Repair in Human Cells” International 
Journal of Radiation Biology 62(3): pp.313-320.     
Gerton, J. & Hawley, R. (2005) “Homologous Chromosome Interactions in Meiosis: 
Diversity Amidst Conservation” Nature Reviews Genetics 6(6): pp.477-487. 
Gichner, T., Ptacek, O., Stavreva, D., Wagner, E. & Plewa, M. (2000) “A Comparison 
of DNA Repair using the Comet Assay in Tobacco Seedlings after Exposure to 
Alkylating Agents or Ionizing Radiation” Mutation Research Genetic 
Toxicology and Environmental Mutagenesis 470(1): pp.1-9. 
Godoy, J., Oliveira, M., Almeida, C., Carvalho, Z., Silva, E., Fernandes, F., Pitanga, F. 
& Danelon, O. (2008) “210Po Concentration in Perna perna Mussels: Looking 
for Radiation Effects” Journal of Environmental Radioactivity 99(4): pp.631-
640. 
Goldberg, E. (1975) “The Mussel Watch - A First Step in Global Marine Monitoring” 
Marine Pollution Bulletin 6: p.111. 
 159
 
 
Golub, E., Gupta, R., Haaf, T., Wold, M. & Radding, C. (1998) “Interaction of Human 
RAD51 Recombination Protein with Single-stranded DNA Binding Protein, 
RPA” Nucleic Acids Research 26(23): pp.5388-5393. 
Gray, J., Jones, S. & Smith, A. (1995) “Discharges to the Environment from the 
Sellafield Site, 1951-1992” Journal of Radiological Protection 15(2): pp.99-
131. 
Grazeffe, V., Tallarico, L., Pinheiro, A., Kawano, T., Suzuki, M., Okazaki, K., Pereira, 
C. & Nakano, E. (2008) “Establishment of the Comet Assay in the Freshwater 
Snail Biomphalaria glabrata (Say, 1818)” Mutation Research 654(1): pp.58-63.  
Griffiths, A., Gelbart, W., Miller, J. & Lewontin, R. (1999) “Chromosome Mutations: 
Chromosomal Rearrangements” Modern Genetic Analysis. W. H. Freeman and 
Company. 
Grinikh, L. & Shevchenko, V. (1992) “Cytogenetic Effects of Ionizing Radiation in 
Crepis tectorum Growing within 30 km of the Chernobyl Atomic Power 
Station” Science of the Total Environment 112(1): pp.9-18. 
Grung, M., Ruus, A., Holth, T., Sidhu, R., Eriksen, D. & Hyllanda, K. (2009) 
“Bioaccumulation and Lack of Oxidative Stress Response in the Ragworm H. 
diversicolor Following Exposure to 226Ra in Sediment” Journal of 
Environmental Radioactivity 100(5): pp.429-434. 
Guirouilh-Barbat, J., Huck, S., Bertrand, P., Pirzio, L., Desmaze, C., Sabatier, L. & 
Lopez, B. (2004) “Impact of the KU80 Pathway on NHEJ-induced Genome 
Rearrangements in Mammalian Cells” Molecular Cell 14(5): pp.611-623. 
Gulliver, P., Cook, G., MacKenzie, A., Naysmith, P. & Anderson, R. (2004) “Sources 
of Anthropogenic 14C to the North Sea” Radiocarbon 46(2): pp.869-875. 
 160
 
 
Guo, Z., Kumagai, A., Wang, S. & Dunphy, W. (2000) “Requirement for Atr in 
Phosphorylation of Chk1 and Cell Cycle Regulation in Response to DNA 
Replication Blocks and UV-damaged DNA in Xenopus Egg Extracts” Genes & 
Development 14(21): pp.2745-56. 
Haaf, T., Golub, E., Reddy, G., Radding, C. & Ward, D. (1995) “Nuclear Foci of 
Mammalian Rad51 Recombination Protein in Somatic Cells after DNA Damage 
and its Localization in Synaptonemal Complexes” Proceedings of the National 
Academy of Sciences of the United States of America 92(6): pp.2298-2302. 
Hagger, J., Atienzar, F. & Jha, A. (2005a) “Genotoxic, Cytotoxic, Developmental and 
Survival Effects of Tritiated Water in the Early Life Stages of the Marine 
Mollusc, Mytilus edulis” Aquatic Toxicology 74(3): pp.205-217. 
Hagger, J., Depledge, M. & Galloway, T. (2005b) “Toxicity of Tributyltin in the Marine 
Mollusc Mytilus edulis” Marine Pollution Bulletin 51(8-12): pp.811-816. 
Hameed, A., Shah, T., Atta, B., Haq, M. & Sayed, H. (2008) “Gamma Irradiation 
Effects on Seed Germintation and Growth, Protein Content, Peroxidase and 
Protease Activity, Lipid Peroxidation in Desi and Kabuli Chickpea” Pakistan 
Journal of Botany 40(3): pp.1033-1041. 
Hanasoge,  S. & Ljungman, M. (2007) “H2AX Phosphorylation after UV Irradiation is 
Triggered by DNA Repair Intermediates and is Mediated by the ATR Kinase” 
Carcinogenesis 28(11): pp.2298-2304. 
Harrison, F. & Anderson, S. (1994a) “Effects of Acute Irradiation on Reproductive 
Success of the Polychaete Worm, Neanthes arenaceodentata” Radiation 
Research 137(1): pp.59-66. 
 161
 
 
Harrison, F. & Anderson, S. (1994b) “Effects of Chronic Irradiation on the 
Reproductive Success of the Polychaete Worm, Neanthes arenaceodentat” 
Radiation Research 140(3): pp.401-409. 
Hart, R. (2003) “Dynamic Pollution Control- Time Lags and Optimal Restoration of 
Marine Ecosystems” Ecological Economics 47(1): pp.79-94. 
Heid, C., Stevens, J., Livak, K. & Williams, P. (1996) “Real Time Quantitative PCR” 
Genome Research 6(10): pp.986-994. 
Helleday, T., Lo, J., van Gent, D. & Engelward, B. (2007) “DNA Double-strand Break 
Repair: From Mechanistic Understanding to Cancer Treatment” DNA Repair 
6(7): pp.923-935. 
Hellman, E., Friis, L., Vaghef, H. & Edling, C. (1999) “Alkaline Single-cell Gel 
Electrophoresis and Human Biomonitoring for Genotoxicity: A Study on 
Subjects with Residential Exposure to Radon” Mutation Research Genetic 
Toxicology and Environmental Mutagenesis 442(2): pp.121-132. 
Hilario, J., Amitani, I., Baskin, R. & Kowalczykowski, S. (2009) “Direct Imaging of 
Human Rad51 Nucleoprotein Dynamics on Individual DNA Molecules” 
Proceedings of the National Academy of Sciences of the United States of 
America 106(2): pp.361-368. 
Hoekstra, M. (1997) “Responses to DNA Damage and Regulation of Cell Cycle 
Checkpoints by the ATM Protein Kinase Family” Current Opinion in Genetics 
& Development 7(2): pp.170-175. 
Hong, G., Kim, S., Lee, S., Chung, C., Tkalinà, A., Chaykovskaya, E. & HAMILTON, 
T. (1999) “Artificial Radionuclides in the East Sea (Sea of Japan) Proper and 
Peter the Great Bay” Marine Pollution Bulletin 38(10): pp.933-943. 
Hu, B., Han, S., Wang, X., Ottey, M., Potoczek, M., Dicker, A., Huebner, K. & Wang, 
 162
 
 
Y. (2005) “Involvement of the Fhit Gene in the Ionizing Radiation-Activated 
ATR/CHK1 Pathway” Journal of Cellular Physiology 202(2): pp.518-523.  
Huang, Y., Nakada, S., Ishiko, T., Utsugisawa, T., Datta, R., Kharbanda, S., Yoshida, 
K., Talanian, R., Weichselbaum, R., Kufe, D. & Yuan, Z. (1999) “Role for 
Caspase-Mediated Cleavage of Rad51 in Induction of Apoptosis by DNA 
Damage” Molecular and Cellular Biology 19(4): pp.2986-2997. 
Hyodo-Taguchi, Y. & Etoh, H. (1993) “Vertebral Malformations in Medaka (Teleost 
Fish) after Exposure to Tritiated Water in the Embryonic Stage” Radiation 
Research 135(3): pp.400-404. 
IAEA (1976) “Effects of Ionizing Radiation on Aquatic Organisms and Ecosystems” 
Technical Report Series No. 172, International Atomic Energy Agency, Vienna. 
IAEA (1982) “Generic Models and Parameters for Assessing the Environmental 
Transfer of Radionuclides from Routine Releases: Exposure of Critical Groups” 
Safety Series No. 57, International Atomic Energy Agency, Vienna. 
IAEA (1992) “Effects of Ionizing Radiation on Plants and Animals at Levels Implied by 
Current Radiation Protection Standards” Technical Report No. 332, 
International Atomic Energy Agency, Vienna. 
IAEA (2003) “Protection of the Environment from Ionising Radiation: The 
Development and Application of A System of Radiation for the Environment” 
Proceedings of the Third International Symposium on the Protection of the 
Environment from Ionising Radiation (SPEIR 3). 
IAEA (2006) “Environmental Consequences of the Chernobyl Accident and their 
Remediation: Twenty Years of Experience” Report of the Chernobyl Forum 
Expert Group ‘Environment’. 
Izzo, A., Kamieniarz, K. & Schneider, R. (2008) “The Histone H1 Family: Specific 
 163
 
 
Members, Specific Functions?” Biological Chemistry 389(4): pp.333-343. 
Jaeschke, B.,  Millward, G., Moody, A. & Jha, A. (2011) “Tissue-specific Incorporation 
and Genotoxicity of Different Forms of Tritium in the Marine Mussel, Mytilus 
edulis” Environmental Pollution 159(1): pp.274-280. 
Jeggo, P. (1998) “DNA Breakage and Repair” Advances in Genetics. In: Advances in 
Genetics Incorporating Molecular Genetic Medicine Series, Volume 38, pp.185-
218. 
Jha, A. (1998) “Editorial: Use of Aquatic Invertebrates in Genotoxicological Studies” 
Mutation Research 399(1): pp.1-2. 
Jha, A. (2008) “Ecotoxicological Applications and Significance of the Comet Assay” 
Mutagenesis 23(3): pp.207-221. 
Jha, A., Dogra, Y., Turner, A. & Millward, G. (2005) “Impact of Low Doses of Tritium 
on the Marine Mussel, Mytilus edulis: Genotoxic Effects and Tissue-specific 
Bioconcentration” Mutation Research 586(1): pp.47-57. 
Jha, A., Dogra, Y., Turner, A. & Millward, G. (2006) “Short Communication: Are Low 
Doses of Tritium Genotoxic to Mytilus edulis?” Marine Environmental Research 
62: pp.297-300. 
Jiang, L., Wang, Y. & Li, S. (2007) “Application of the Comet Assay to Measure DNA 
Damage Induced by UV Radiation in the Hydrophyte, Spirodela polyrhiza” 
Physiolgia Plantarum 129(3): pp.652-657. 
Jo, D. & Kwon, J. (2006) “Detection of Radiation-induced Markers from Parts of 
Irradiated Kiwi Fruits” Food Control 17(8): pp.617-621. 
Kamath, R., Fraser, A., Dong, Y., Poulin, G., Durbin, R., Gotta, M., Kanapink, A., Le 
Bot, N., Moreno, S., Sohrmann, M., Welchman, D., Zipperlen, P. & Ahringer, J. 
(2003) “Systematic Functional Analysis of the Caenorhabditis elegans Genome 
 164
 
 
using RNAi” Nature 421(6920): pp.231-237. 
Karpenko, A. & Ivanovsky, Y. (1993) “Short Communication: Effect of Very Low 
Doses of γ Radiation on Motility of Gill Ciliated Epithelia of Mytilus edulis” 
Radiation Research 133(1): pp.108-110. 
Kassie, F., Parzefall, W. & Knasmuller, S. (2000) “Single-cell Gel Electrophoresis 
Assay: A New Technique for Human Biomonitoring Studies” Mutation 
Research Reviews in Mutation Research 463(1): pp.13-31. 
Kastan, M. & Bartek, J. (2004) “Cell-cycle Checkpoints and Cancer” Nature 432(7015): 
pp.316-323. 
Khan, A., Khan, H. & Delincee, H. (2002a) “Detection of Radiation Treatment of Beans 
using DNA Comet Assay” Radiation Physics and Chemistry 63(3-6): pp.407-
410. 
Khan, A., Khan, H. & Delincee, H. (2002b) “Identification of Irradiated Spices using 
the Novel Technique of DNA Comet Assay” Journal of Food Science 67(2): 
pp.493-496. 
Khanna, K. & Jackson, S. (2001) “DNA Double-Strands Breaks: Signaling, repair and 
the Cancer Connection” Nature Genetics 27(3): pp.247-254. 
Kinner, A., Wu, W., Staudt, C. & Iliakis, G. (2008) “γ-H2AX in Recognition and 
Signaling of DNA Double-strand Breaks in the Context of Chromatin” Nucleic 
Acids Research 36(17): pp.5678-5694. 
Knowles, J. & Greenwood, L. (1997) “A Comparison of the Effects of Long-Term ß 
and γ Irradiation on the Reproductive Performance of a Marine Invertebrate 
Ophryotrocha diadema (Polychaeta, Dorvilleidae)” Journal of Environmental 
Radioactivity 34(1): pp.l-7. 
Knowles, J. (1992) “The Effect of Chronic Radiation on the Humoral Immune-response 
 165
 
 
of Rainbow-trout (Onchorhynchus-mykiss walbaum)” International Journal of 
Radiation Biology 62(2): pp.239-248.   
Knowles, J. (1999) “Long-term Irradiation of A Marine Fish, the Plaice Pleuronectes 
platessa: An Assessment of the Effects on Size and Composition of the Testes 
and of Possible Genotoxic Changes in Peripheral Erythrocytes” International 
Journal of Radiation Biology 75(6): pp.773-782.     
Kobayashi, Y., Narumi, I., Satoh, K., Funayama, T., Kikuchi, M., Kitayama, S. & 
Watanabe, H. (2004) “Radiation Response Mechanisms of the Extremely 
Radioresistant Bacterium Deinococcus radiodurans” Biological Sciences in 
Space 18(3): pp.134-135.  
Koike, M., Sugasawa, J., Yasuda, M. & Koike, A. (2008) “Tissue-specific DNA-PK-
dependent H2AX Phosphorylation and γ-H2AX Elimination after X-irradiation 
in Vivo” Biochemical and Biophysical Research Communications 376(1): 
pp.52-55.  
Kovalchuk, O., Dubrova, Y., Arkhipov, A., Hohn, B. & Kovalchuk, I. (2000) “Germline 
DNA Wheat Mutation Rate after Chernobyl” Nature 407(6804): pp.583-584. 
Kovalchuk, O., Kovalchuk, I., Arkhipov, A., Hohn, B. & Dubrova, Y. (2003) 
“Extremely Complex Pattern of Microsatellite Mutation in the Germline of 
Wheat Exposed to the Post-Chernobyl Radioactive Contamination” Mutation 
Research-Fundamental and Molecular Mechanisms of Mutagenesis 525(1-2): 
pp.93-101.   
Krek, W. & Nigg, E. (1991) “Mutations of P34cdc2 Phosphorylation Sites Induce 
Premature Mitotic Events in HeLa cells: Evidence for a Double Block to 
P34cdc2 Kinase Activation in Vertebrates” The EMBO Journal 10(11): 
pp.3331-3341. 
 166
 
 
Krivolutzki, D. & Pokarzhevski, A. (1992) “Effects of Radioactive Fallout on Soil 
Animal Populations in the 30 km Zone of the Chernobyl Atomic Power Station” 
Science of the Total Environment 112: pp.69-77. 
Kudoh, T., Tsang, M., Hukriede, N., Chen, X., Dedekian, M., Clarke, C., Kiang, A.,  
Schultz, S., Epstein, J., Toyama, R. & Dawid, I. (2001) “A Gene Expression 
Screen in Zebrafish Embryogenesis” Genome Research 11(12): pp.1979-1987. 
Kuipers, G., Slotman, B., Poldervaart, H., Vilsteren, I., Reitsma-Wijker, C. & Lafleur, 
M. (2000) “The Role of Nucleotide Excision Repair of Escherichia coli in 
Repair of Spontaneous and Gamma-radiation-induced DNA Damage in the 
lacZa gene” Mutation Research-DNA Repair 460(2): pp.117-125. 
Kumagai, A., Guo, Z., Emami, K., Wang, S. & Dunphy, W. (1998) “The Xenopus Chk1 
Protein Kinase Mediates a Caffeine-sensitive Pathway of Checkpoint Control in 
Cell-free Extracts” The Journal of Cell Biology 142(6): pp.1559-1569. 
Kumaravel, T. & Jha, A. (2006) “Reliable Comet Assay Measurements for Detecting 
DNA Damage Induced by Ionising Radiation and Chemicals” Mutation 
Research Genetic Toxicology and Environmental Mutagenesis 605(1-2): pp.7-
16. 
Lahiry, P., Torkamani, A., Schork, N. & Hegele, R. (2010) “Kinase Mutaions in Human 
Disease: Interpreting Genotype-phenotype Relationships” Nature Reviews 
Genetics 11(1): pp.60-74.   
Lamers, A., Heiney, J. & Ram, J. (2002) “cDNA Sequence Analysis of Proteins 
Involved in Reproduction and Cell Cycle of the Zebra Mussel, Dreissena 
Polymorpha” Invertebrate Reproduction and Development 41(1-3): pp.41-52. 
Lande, R. (1998) “Risk of Population Extinction from Fixation of Deleterious and 
Reverse Mutations” Genetica 102-103: pp.21-27. 
 167
 
 
Larkum, A. & Wood, W. (1993) “The Effect of UV-B Radiation on Photosynthesis and 
Respiration of Phytoplankton, Benthic Macroalgae and Seagrasses” 
Photosynthesis Research 36(1): pp.17-23. 
Leinio, S. & Lehtonen, K. (2005) “Seasonal Variability in Biomarkers in the Bivalves 
Mytilus edulis and Macoma balthica from the Northern Baltic Sea” Comparative 
Biochemistry and Physiology C-Toxicology & Pharmacology 140(3-4): pp.408-
421. 
Leonard, D., Camplin, W. & Tipple, J. (1990) “The Variability of Radiocaesium 
Concentrations in Freshwater Fish Caught in the United Kingdom Following the 
Chernobyl Reactor Incident and An Assessment of Potential Doses to Critical 
Group Consumers”. pp.247–256. In: ‘Proceeding of an International Symposium 
on Environmental Contamination Following a Major Nuclear Accident’. IAEA, 
Vienna, IAEA-SM-306/15. 
Lionetto, M., Caricato, R., Giordano, M. & Schetino, T. (2004) “Biomarker Application 
for the Study of Chemical Contamination Risk on Marine Organisms in the 
Taranto Marine Coastal Area” Chemistry & Ecology 20(1): pp.333-343. 
Liu, W. & Saint, D. (2002) “A New Quantitative Method of Real Time Reverse 
Transcription Polymerase Chain Reaction Assay Based on Simulation of 
Polymerase Chain Reaction Kinetics” Analytical Biochemistry 302(1): pp.52-59. 
Liu, Q., Guntuku, S., Cui, X., Matsuoka, S., Cortez, D., Tamai, K., Luo, G., Carattini-
Rivera, S., DeMayo, F., Bradley, A., Donehower, L. & Elledge, S. (2000) “Chk1 
is An Essential Kinase that is Regulated by Atr and Required for the G2/M DNA 
Damage Checkpoint” Genes & Development 14(12): pp.1448-1459. 
Livak, K. (1997) ABI Prism 7700 sequence detection system. User Bulletin 2. P E 
Applied Biosystems. 
 168
 
 
Livak, K. & Schmittgen, T. (2001) “Analysis of Relative Gene Expression Data Using 
Real-Time Quantitative PCR and the 2(T)(-Delta Delta C) Method” Methods 
25(4): pp.402-408.  
Livingston, G., Falk, R. & Schmid, E. (2006) “Effect of Occupational Radiation 
Exposures on chromosome Aberration Rates in Former Plutonium Workers” 
Radiation Research 166(1): pp.89-97. 
Lodish, H., Berk, A., Zipursky, S., Matsudaira, P., Baltimore, D. & Darnell, J. (2000) 
“Recombination between Homologous DNA Sites: Double-Strand Breaks in 
DNA Initiate Recombination” Molecular Cell Biology (4th ed.). W. H. Freeman 
and Company. 
Lynch, M., Conery, J. & Burger, R. (1995) “Mutation Accumulation and the Extinction 
of Small Populations” The American Naturalist 146(4): pp.489-518. 
Madigan, J., Chotkowski, H. & Glaser, R. (2002) “DNA Double-strand Break-induced 
Phosphorylation of Drosophila Histone Variant H2Av Helps Prevent Radiation-
induced Apoptosis” Nucleic Acids Research 30(17): pp.3698-3705. 
Malik, I., Naz, N., Khan, S., Christiansen, H. & Ramadori, G. (2010) “Effect of 
Gamma-radiation on Healthy Rat Liver and Gene Expression of Chemokines: In 
Vivo and In Vitro Studies” Journal of Clinical Oncology 28, ASCO Annual 
Meeting (suppl; abstr e21107). 
McDonald, P., Baxter, M. & Fowler, S. (1993) “Distribution of Radionuclides in 
Mussels, Winkles and Prawns. Part 1. Study of Organisms under Environmental 
Conditions using Conventional Radio-analytical Techniques” Journal of 
Environmental Radioactivity 18(3): pp.181-202.  
McKelvey-Martin, V., Green, M., Schmezer, P., Pool-Zobel, B., De Meo, M. & Collins, 
A. (1993) “The Single Cell Gel Electrophoresis Assay (Comet Assay): A 
 169
 
 
European Review” Mutation Research 288(1): pp.47-63. 
McKinnon, P. (2009) “DNA Repair Deficiency and Neurological Disease” Nature 
Reviews Neuroscience 10(2): pp.100-112. 
McMahill, M., Sham, C. & Bishop, D. (2007) “Synthesis-dependent Strand Annealing 
in Meiosis” Plos Biology 5(11): pp.2589-2601. 
Medvedeva, N., Panyutin, I., Panyutin, I. & Neumann, R. (2007) “Phosphorylation of 
Histone H2AX in Radiation-Induced Micronuclei” Radiation Research 168(4): 
pp.493-498. 
Meli, M., Desideri, D., Roselli, C. & Feduzi, L. (2008) “Natural Radioactivity in the 
Mussel Mytilus Galloprovincialis Derived from the Central Adriatic Sea (Italy)” 
Journal of Toxicology and Environmental Health -Part A-Current Issues 71(18): 
pp.1270-1278. 
Meng, L., Kohlhagen, G., Liao, Z., Antony, S., Sausville, E. & Pommier, Y. (2005) 
“DNA-Protein Cross-links and Replication-Dependent Histone H2AX 
Phosphorylation Induced by Aminoflavone (NSC 686288), a Novel Anticancer 
Agent Active against Human Breast Cancer Cells” Cancer Research 65(12): 
pp.5337-5343. 
Mimitou, E. & Symington, L. (2009) “Nucleases and Helicases Take Center Stage in 
Homologous Recombination” Trends in Biochemical Science 34(5): pp.264-272. 
Mishra, S. & Agrawal, S. (2006) “Interactive Effects between Supplemental Ultraviolet-
B Radiation and Heavy Metals on the Growth and Biochemical Characteristics 
of Spinacia oleracea L.” Brazilian Journal of Plant Physiology 18(2): pp.307-
314.  
Mitchel, R. (2007) “Low Doses of Radiation Reduce Risk in Vivo” Dose-Response 
5(1): pp.1-10. 
 170
 
 
Miyamae, Y., Yamamoto, M., Sasaki, Y., Kobayashi, H., Igarashi-Soga, M., Shimoi, K. 
& Hayashi, M. (1998) “Evaluation of a Tissue Homogenization Technique that 
Isolates Nuclei for the in Vivo Single Cell Gel Electrophoresis (Comet) Assay: a 
Collaborative Study by Five Laboratories” Mutation Research 418(2-3): pp.131-
140. 
Moller, P. (2005) “Genotoxicity of Environmental Agents Assessed by the Alkaline 
Comet Assay” Basic & Clinical Pharmacology & Toxicology 96: pp.1-42. 
Moller, P. (2006) “The Alkaline Comet Assay: Towards Validation in Biomonitoring of 
DNA Damaging Exposures” Basic & Clinical Pharmacology & Toxicology 
98(4): pp.336-345. 
Moore, G. (2002) “Living with the Earth” 2nd ed., p.135. Lewis Publishers, Boca Raton. 
Morrison, C., Sonoda, E., Takao, N., Shinohara, A., Yamamoto, K. & Takeda, S. (2000) 
“The Controlling Role of ATM in Homologous Recombinational Repair of 
DNA Damage” The EMBO Journal 19(3): pp.463-471. 
Muirhead, C. (2003) “Studies on the Hiroshima and Nagasaki Survivors, and their use 
in Estimating Radiation Risks” Radiation Protection Dosimetry 104(4): pp.331-
335. 
Muller, W., Bauch, T., Streffer, C., Niedereichholz, F. & Bocker, W. (1994) “Comet 
Assay Studies of Radiation-Induced DNA Damage and Repair in Various 
Tumor Cell Lines” International Journal of Radiation Biology 65(3): pp.315-
319.    
Muller, W., Bauch, T., Wojcik, A., Bocker, W. & Streffer, C. (1996) “Comet Assay 
Studies Indicate that Caffeine-mediated Increase in Radiation Risk of Embryos 
is due to Inhibition of DNA Repair” Mutagenesis 11(l): pp.57-60. 
 171
 
 
Nakatsuchi, Y. & Egami, N. (1981) “Radiation Injury and Acute Death in 
Armadillidium vulgare (terrestrial isopod, Crustacea) Subjected to Ionizing 
Radiation” Radiation Research 85(1): pp.135-149. 
National Council on Radiation Protection and Measurements ‘NCRPM’ (1991a) 
“Calibration of Survey Instruments Used in Radiation Protection for the 
Assessment of Ionizing Radiation Fields and Radioactive Surface 
Contamination” Chabot G.E. NCRPM report No. 112 
National Council on Radiation Protection and Measurements ‘NCRPM’ (1991b) 
“Developing Radiation Emergency Plans for Academic, Medical or Industrial 
Facilities” Holeman G.R. NCRPM report No. 111 
National Council on Radiation Protection and Measurements ‘NCRPM’ (1991c) 
“Effects of Ionizing Radiation on Aquatic Organisms” Templeton W.L. & 
Blaylock B.G. NCRPM report No. 109 
National Council on Radiation Protection and Measurements report ‘NCRPM’ (2006) 
“Cesium-137 in the Environment: Radioecology and Approaches to Assessment 
and Management” F. Ward Whicker NCRPM report No. 154 
National Research Council ‘NRC’ (2006) “Health Risks from Exposure to Low Levels 
of Ionizing Radiation” (BEIR VII). Washington, DC: National Academy Press. 
Neel, J. (1998) “Genetic Studies at the Atomic Bomb Casualty Commission– Radiation 
Effects Research Foundation: 1946–1997” Proceedings of the National 
Academy of Sciences of the Untied States of America 95(10): pp.5432–5436. 
Nikjoo, H., O'Neil, P., Wilson, W. & Goodhead, D. (2001) “Computational Approach 
for Determining the Spectrum of DNA Damage Induced by Ionizing Radiation” 
Radiation Research 156(5): pp.577-583. 
Nyberg, K., Michelson, R., Putnam, C. & Weinert, T. (2002) “Toward Maintaining the 
 172
 
 
Genome: DNA Damage and Replication Checkpoints” Annual Review of 
Genetics 36: pp.617-656. 
O’Driscoll, M. & Jeggo, P. (2006) “The Role of Double-strand Break Repair Insights 
from Human Genetics” Nature Reviews Genetics 7(1): pp.45-54. 
Olivieri, G., Bodycote, J. & Wolff, S. (1984) “Adaptive Response of Human 
Lymphocytes to Low Concentrations of Radioactive Thymidine” Science 
223(4636): pp. 594-597. 
Orr-Weaver, T. & Szostak, J. (1983) “Yeast Recombination: The Association between 
Double Strand Gap Repair and Crossing Over” Proceedings of the National 
Academy of Sciences of the Untied States of America-Biological Sciences 
80(14): pp.4417-4421. 
Orr-Weaver, T. & Szostak, J. & Rothstein, R. (1981) “Yeast Transformation: A Model 
System for the Study of Recombination” Proceedings of the National Academy 
of Sciences of the Untied States of America-Biological Sciences 78(10): 
pp.6354-6358. 
Orr-Weaver, T., Szostak, J. & Rothstein, R. (1983) “Genetic Applications of Yeast 
Transformation with Linear and Gapped Plasmids” Methods in Enzymology 101: 
pp.228-245.  
OSPAR Annual Report (2009) “OSPAR Commission Protecting and Conserving The 
North East Atlantic and its Resources” pp.1-15 
OSPAR Annual Report (2010) “OSPAR Commission Protecting and Conserving The 
North East Atlantic and its Resources” pp.1-19. 
Parker, L. & Piwnica-Worms, H. (1992) “Inactivation of the P34cdc2-cyclin B 
Complex by the Human WEE1 Tyrosine kinase” Science 257(5078): pp.1955-
1957. 
 173
 
 
Paull, T. & Lee, J. (2005) “The Mre11/Rad50/Nbs1 Complex and its Role as a DNA 
Double-strand Break Sensor for ATM” Cell Cycle 4(6): pp.737-740. 
Paull, T., Rogakou, E., Yamazaki, V., Kirchgessner, C., Gellert, M. & Bonner, W. 
(2000) “A Critical Role for Histone H2AX in Recruitment of Repair Factors to 
Nuclear Foci after DNA Damage” Current Biology 10(15): pp.886-895.  
Pawlik, T. & Keyomarsi, K. (2004) “Role of Cell Cycle in Mediating Sensitivity to 
Radiotherapy” International Journal of Radiation Oncology and Biology and 
Physics 59(4): pp.928-942.  
Pellegrini, L., Yu, D., Lo, T., Anand, S., Lee, M., Blundell, T. & Venkitaraman, A. 
(2002) “Insights into DNA Recombination from the Structure of a RAD51–
BRCA2 Complex” Nature 420(6913): pp.287-293. 
Peng, G. & Lin, S. (2011) “Exploiting the Homologous Recombination DNA Repair 
Network for Targeted Cancer Therapy” World Journal of Clinical Oncology 
2(2): pp.73-79. 
Peterson, H. (1983) “Terrestrial and Aquatic Food Chain Pathways” In Radiological 
Assessment: A Textbook on Environmental Dose Analysis, ed. J.E. Till and 
H.R. Meyer. NUREG/CR-3332. U.S. Nuclear Regulatory Commission, 
Washington, DC. 
Pfaffl, M. (2001) “A New Mathematical Model for Relative Quantification in Real-time 
RT-PCR” Nucleic Acids Research 29(9): pp.e45. 
Plappert, U., Stocker, B., Fender, H. & Fliedner, T. (1997) “Changes in the Repair 
Capacity of Blood Cells as a Biomarker for Chronic Low Dose Exposure to 
Ionizing Radiation” Environmental and Molecular Mutagenesis 30(2): pp.153-
160. 
 174
 
 
Prasad, S., Dwivedi, R., Zeeshan, M. & Singh, R. (2004) “UV-B and Cadmium Induced 
Changes in Pigments, Photosynthetic Electron Transport Activity, Antioxidant 
Levels and Antioxidative Enzyme Activities of Riccia sp.” Acta Physiologiae 
Plantarum 26(4): pp.423-430. 
Ptacek, O., Stavreva, D., Kim, J. & Gichner, T. (2001) “Induction and Repair of DNA 
Damage as Measured by the Comet Assay and the Yield of Somatic Mutations 
in Gamma-irradiated Tobacco Seedlings” Mutation Research Genetic 
Toxicology and Environmental Mutagenesis 491(1-2): pp.17-23. 
Radioactivity In Food and the Environment ‘RIFE’ (2006) RIFE Report 12 ISSN 1365-
6414. 
Radioactivity In Food and the Environment ‘RIFE’ (2008) RIFE Report 14 ISSN 1365-
6414. 
Radioactivity In Food and the Environment ‘RIFE’ (2009) RIFE Report 15 ISSN 1365-
6414. 
Radonic, A., Thulke, S., Mackay, I., Landt, O., Siegert, W. & Nitsche, A. (2004) 
“Guideline to Reference Gene Selection for Quantitative Real-time PCR” 
Biochemical and Biophysical Research Communications 313(4): pp.856-862. 
Rank, J. & Jensen, K. (2003) “Comet Assay on Gill Cells and Hemocytes from the Blue 
Mussel Mytilus edulis” Ecotoxicology and Environmental Safety 54(3): pp.323-
329. 
Rathore, D., Agrawal, S. & Singh, A. (2003) “Influence of Supplemental UV-B 
Radiation and Mineral Nutrients on Biomass, Pigments and Yield of Two 
Cultivars of Wheat (Triticum aestivum L.)” International Journal of Biotronics 
32: pp.1-15.  
Rinaldo, C., Ederle, S., Rocco, V. & La Volpe, A. (1998) “The Caenorhabditis elegans 
 175
 
 
RAD51 Homolog is Transcribed into Two Alternative mRNAs Potentially 
Encoding Proteins of Different Sizes” Molecular and General Genetics 260(2-
3): pp.289-294. 
Renart, J., Reiser, J. & Stark, G. (1979) “Transfer of Proteins from Gels to 
Diazobenzyloxymethyl-Paper and Detection with Antisera: A Method for 
Studying Antibody Specificity and Antigen Structure” Proceedings of the 
National Academy of Sciences of the United States of America 76(7): pp.3116-
3120. 
Ririe, K., Rasmussen, R. & Wittwer, C. (1997) “Product Differentiation by Analysis of 
DNA Melting Curves during the Polymerase Chain Reaction” Analytical 
Biochemistry 245(2): pp.154-160. 
Rittschof, D. & McClellan-Green, P. (2005) “Molluscs as Multidisciplinary Models in 
Environmental Toxicology” Marine Pollution Bulletin 50: pp.369-373. 
Rogakou, E., Boon, C., Redon, C. & Bonner, W. (1999) “Megabase Chromatin 
Domains Involved in DNA Double-Strand Breaks In Vivo” The Journal of Cell 
Biology 146(5): pp.905-915 
Rogakou, E., Nieves-Neira, W., Boon, C., Pommier, Y. & Bonner, W. (2000) “Initiation 
of DNA Fragmentation during Apoptosis Induces Phosphorylation of H2AX 
Histone at Serine 139” Journal of Biological Chemistry 275(13): pp.9390-9395. 
Rollinson, S., Smith, A., Allan, J., Adamson, P., Scott, K., Skibola, C., Smith, M. & 
Morgan, G. (2007) “RAD51 Homologous Recombination Repair Gene 
Haplotypes and Risk of Acute Myeloid Leukaemia” Leukemia Research 31: 
pp.169-174. 
Roos, W. & Kaina, B. (2006) “DNA Damage-induced Cell Death by Apoptosis” Trends 
in Molecular Medicine 12(9): pp.440-450. 
 176
 
 
Rothkamm, K. & Lobrich, M. (2003) “Evidence for a Lack of DNA Double-strand 
Break Repair in Human Cells Exposed to Very Low X-ray Doses” PNAS 
100(9): pp.5057-5062. 
Saghirzadeh, M., Gharaati, M., Mohammadi, S. & Ghiassi-Nejad, M. (2008) 
“Evaluation of DNA Damage in the Root Cells of Allium cepa Seeds Growing in 
Soil of High Background Radiation Areas of Ramsar-Iran” Journal of 
Environmental Radioactivity 99(10): pp.1698-1702. 
Sancar, A. (1996) “DNA Excision Repair” Annual Review of Biochemistry 65: pp.43-
81. 
Sanchez, Y., Wong, C., Thoma, R., Richman, R., Wu, Z., Piwnica-Worms, H. & 
Elledge, S. (1997) “Checkpoint Pathway Regulation Through Cdc25 
Conservation of the Chk1 in Mammals: Linkage of DNA Damage to Cdk” 
Science 277(5331): pp.1497-1501.     
Sastre, M., Vernet, M. & Steinert, S. (2001) “Single-cell Gel/Comet Assay Applied to 
the Analysis of UV Radiation–induced DNA Damage in Rhodomonas sp. 
(Cryptophyta)” Photochemistry and Photobiology 74(1): pp.55-60. 
Schmittgen, T. & Zakrajsek, B. (2000) “Effect of Experimental Treatment on 
Housekeeping Gene Expression: Validation by Real-time, Quantitative RT-
PCR” Journal of Biochemical and Biophysical Methods 46(1-2): pp.69-81. 
Seaver, R., Ferguson, G., Gehrmann, W. & Misamore, M. (2009) “Effects of Ultraviolet 
Radiation on Gametic Function during Fertilization in Zebra Mussels 
(DREISSENA POLYMORPHA)” Journal of Shellfish Research 28(3): pp.625-
633. 
Seeberg, E., Eide, L. & Bjoras, M. (1995) “The Base Excision-repair Pathway” Trends 
in Biochemical Sciences 20(10): pp.391-397. 
 177
 
 
Shen, Z. (2011) “Genomic Instability and Cancer: An Introduction” Journal of 
Molecular Cell Biology 3: pp.1-3. 
Sherr, C. (2004) “Principles of Tumor Suppression” Cell 116(2): pp.235-246. 
Shin, D., Pellegrini, L., Daniels, D., Yelent, B., Craig, L., Bates, D., Yu, D., Shivji, M., 
Hitomi, C., Arvai, A., Volkmann, N., Tsuruta, H., Blundell, T., Venkitaraman, 
A. & Tainer, J. (2003) “Full-length Archaeal Rad51 Structure and Mutants: 
Mechanisms for RAD51 Assembly and Control by BRCA2” The EMBO Journal 
22(17): pp.4566-4576. 
Shinohara, A. & Ogawa, T. (1999) “Rad51/RecA Protein Families and the Associated 
Proteins in Eukaryotes” Mutation Research 435(1): pp.13-21. 
Shiromizu, T., Goto, H., Tomono, Y., Bartek, J., Totsukawa, G., Inoko, A., Nakanishi, 
M., Matsumura, F. & Inagaki, M. (2006) “Regulation of Mitotic Function of 
Chk1 through Phosphorylation at Novel Sites by Cyclin-dependent Kinase 1 
(Cdk1)” Genes to Cells 11(5): pp.477-485. 
Shrivastav, M., DeHaro, L. & Nickoloff, J. (2008) “Regulation of DNA Double-Strand 
Break Repair Pathway Choice” Cell Research 18(1): pp.134-147. 
Smith, G. & Jackson, S. (1999) “The DNA-dependent Protein Kinase” Genes & 
Development 13(8): pp.916-934.    
Sokolov, V., Krivolutzky, D., Ryabov, I., Taskaev, A. & Shevchenko, V. (1989) 
“Bioindication of Biological after-effects of the Chernobyl Atomic Power 
Station Accident in 1986-1987” Biology International 18: 6. 
Sokolov, V., Rjabov, I., Ryabtsev, I., Tikhomirov, F., Shevchenko, V. & Taskaev, A. 
(1993) “Ecological and Genetic Consequences of the Chernobyl Atomic Power 
Plant Accident” Vegetatio 109: pp.91-99.  
Sonoda, E., Sasaki, M., Buerstedde, J., Bezzubova, O., Shinohara, A., Ogawa, H., 
 178
 
 
Takata, M., Yamaguchi-Iwai, Y. & Takeda, S. (1998) “Rad51-deficient 
Vertebrate Cells Accumulate Chromosomal Breaks prior to Cell Death” The 
EMBO Journal 17(2): pp.598-608.   
Sorensen, C., Hansen. L., Dziegielewski, J., Syljuasen, R., Lundin, C., Bartek, J. & 
Helleday, T. (2005) “The Cell-cycle Checkpoint Kinase Chk1 is Required for 
Mammalian Homologous Recombination” Nature Cell Biology 7(2): pp.195-
201. 
Sorensen, C., Syluasen, R., Falck, J., Schroeder, T., Ronnstrand, L., Khanna, K., Zhou, 
B., Bartek, J. & Lukas, J. (2003) “Chk1 Regulates the S Phase Checkpoint by 
Coupling the Physiological Turnover and Ionizing Radiation-induced 
Accelerated Proteolysis of Cdc25A” Cancer Cell 3(3): pp.247-258.   
Stoeva, N. (2002) “Physiological Effects of the Synthetic Growth Regulator Thidiazurol 
(DROP) on Gamma-irradiated Stress in Peas Plants (Pissum Sativum L.)” 
Journal of Central European Agriculture 3(4): pp.293-300. 
Stoeva, N., Zlatev, Z. & Bineva, Z. (2001) “Physiological Response of Beans 
(Phaseolus vulgaris L.) to Gamma-radiation Contamination, II. Water-exchange, 
Respiration and Peroxidase Activity” Journal of Environmental Protection and 
Ecology 2(2): pp.304-308. 
Straume, L. & Carsten, A. (1993) “Tritium Radiobiology and Relative Biological 
Effectiveness” Health Physics 65(6): pp.657-672. 
Strausberg, R., Feingold, E., Grouse, L., Derge, J., Klausner, R., Collins, F., Wagner, 
L., Shenmen, C., Schuler, G., Altschul, S., Zeeberg, B., Buetow, K., Schaefer, 
C., Bhat, N., Hopkins, R., Jordan, H., Moore, T., Max, S., Wang, J., Hsieh, F., 
Diatchenko, L., Marusina, K., Farmer, A., Rubin, G., Hong, L., Stapleton, M., 
Soares, M., Bonaldo, M., Casavant, T., Scheetz, T., Brownstein, M., Usdin, T., 
 179
 
 
Toshiyuki, S., Carninci, P., Prange, C., Raha, S., Loquellano, N., Peters, G., 
Abramson, R., Mullahy, S., Bosak, S., McEwan, P., McKernan, K., Malek, J., 
Gunaratne, P., Richards, S., Worley, K., Hale, S., Garcia, A., Gay, L., Hulyk, S., 
Villalon, D., Muzny, D., Sodergren, E., Lu, X., Gibbs, R., Fahey, J., Helton, E., 
Ketteman, M., Madan, A., Rodrigues, S., Sanchez, A., Whiting, M., Madan, A., 
Young, A., Shevchenko, Y., Bouffard, G., Blakesley, R., Touchman, J., Green, 
E., Dickson, M., Rodriguez, A., Grimwood, J., Schmutz, J., Myers, R., 
Butterfield, Y., Kryzywinski, M., Skalska, U., Smailus, D., Schnerch, A., 
Schein, J., Jones, S. & Marra, M. (2002) “Generation and Initial Analysis of 
More than 15,000 Full-length Human and Mouse cDNA Sequences” 
Proceedings of the National Academy of Sciences of the United States of 
America 99(26): pp.16899-16903.     
Sugg, D., Bickham, J., Brooks, J., Lomakin, M., Jagoe, C., Dallas, C., Smith, M., Baker, 
R. & Chesser, R. (1996) “DNA Damage and Radiocesium in Channel Catfish 
from Chernobyl” Environmental Toxicology and Chemistry 15(7): pp.1057-
1063.     
Sung, P. & Klein, H. (2006) “Mechanism of Homologous Recombination: Mediators 
and Helicases Take on Regulatory Functions” Nature Reviews Molecular Cell 
Biology 7(10): pp.739-750. 
Taghizadeh, M., Khoei, S., Nikoofar, A., Ghamsari, L. & Goliaei, B. (2009) “The Role 
of Rad51 Protein in Radioresistance of Spheroid Model of DU145 Prostate 
Carcinoma Cell Line” Iranian Journal Radiation Research 7(1): pp.19-25. 
Tallarico, L., Okazaki, K., Kawano, T., Pereira, C. & Nakano, E. (2004) “Dominant 
Lethal Effect of 60Co Gamma Radiation in Biomphalaria glabrata (SAY, 1818)” 
Mutation Research 561(1-2): pp.139-145. 
 180
 
 
Tashiro, S., Walter, J., Shinohara, A., Kamada, N. & Cremer, T. (2000) “Rad51 
Accumulation at Sites of DNA Damage and in Post-replicative Chromatin” The 
Journal of Cell Biology 150(2): pp.283-291. 
Telitchenko, M. (1969) “Molluscs as Concentrators and Bioindicators of Radioactive 
Contamination (in Russ)” In Questions of Malacology in Siberia, Tomsk, pp.9-
11. 
Templeton, W., Nakatani, R. & Held, E. (1971) "Radiation Effects" in Radioactivity in 
the Marine Environment, National Academy of Sciences, Washington, D. C. 
Tevini, M. (2000) “UV-B Effects on Plants” In: Environmental Pollution and Plant 
Responses, eds., S. Agrawal and M. Agrawal. pp.83-97. Lewis Publishers, Boca 
Raton, USA.  
Thacker, J. (2005) “The Rad51 Gene Family, Genetic Instability and Cancer” Cancer 
Letters 219(2): pp.125-135. 
The 
bault, H., Baena, A., Andral, B., Barisic, D., Albaladejo, J., Bologa, A., 
Boudjenoun, R., Delfanti, R., Egorov, V., El Khoukhi, T., Florou, H., Kniewald, 
G.,  Noureddine, A., Patrascu, V., Pham, M., Scarpato, A., Stokozov, N., 
Topcuoglu, S. & Warnau, M. (2008) “137Cs Baseline Levels in the 
Mediterranean and Black Sea: A Cross-basin Survey of the CIESM 
Mediterranean Mussel Watch Programme” Marine Pollution Bulletin 57(6-12): 
pp.801-806. 
Thellin, O., Zorzi, W., Lakaye, B., De Borman, B., Coumans, B., Hennen, G., Grisar, 
T., Igout, A. & Heinen, E. (1999) “Short communication Housekeeping Genes 
as Internal Standards: Use and Limits” Journal of Biotechnology 75(2-3): 
pp.291-295. 
Theodorakis, C. & Shugart, L. (1998) “Genetic Ecotoxicology III: The Relationship 
 181
 
 
between DNA Strand Breaks and Genotype in Mosquito Fish exposed to 
Radiation” Ecotoxicology 7(4): pp.227-236. 
Thomas, P. & Liber, K. (2001) “An Estimation of Radiation Doses to Benthic 
Invertebrates from Sediments Collected near a Canadian Uranium Mine” 
Environment International 27(4): pp.341-353. 
Thompson, L. & Schild, D. (1999) “The Contribution of Homologous Recombination in 
Preserving Genome Integrity in Mammalian Cells” Biochimie 81(1-2): pp.87-
105. 
Towbin, H., Staehelin, T. & Gordon, J. (1979) “Electrophoretic Transfer of Proteins 
from Polyacrylamide Gels to Nitrocellulose Sheets: Procedure and some 
Applications” Proceedings of the National Academy of Sciences of the United 
States of America 76(9): pp.4350-4354. 
Tsai, M., Kuo, Y., Chiu, Y., Su, Y. & Lin, Y. (2010) “Down-Regulation of Rad51 
Expression Overcomes Drug Resistance to Gemcitabine in Human Non-Small-
Cell Lung Cancer Cells” Journal of Pharmacology and Experimental 
Therapeutics 335(3): pp.830-840. 
Tsytsugina, V. (1998) “An Indicator of Radiation Effects in Natural Populations of 
Aquatic Organisms” Radiation Protection Dosimetry 75(1-4): pp.171-173. 
Turner, F. (1975) “Effects of Continuous Irradiation on Animal Populations” Advances 
in Radiation Biology 5: pp.83-144. 
Underwood, A. & Peterson, C. (1988) “Towards an Ecological Framework for 
Investigating Pollution” Marine Ecology Progress Series 46: pp.227-234. 
United Nations Scientific Committee on the Effects of Atomic Radiation ‘UNSCEAR’ 
(1969) “Radiation-induced Chromosome Abberations in Human Cells” 
UNSCEAR Report Annex C. pp.184-263. 
 182
 
 
United Nations Scientific Committee on the Effects of Atomic Radiation ‘UNSCEAR’ 
(1994) “Sources and Effects of Ionizing Radiation: Adaptive Responses to 
Radiation in Cells and Organisms” UNSCEAR Report Annex B. pp.185-272. 
United Nations Scientific Committee on the Effects of Atomic Radiation ‘UNSCEAR’ 
(1996) “Sources and Effects of Ionizing Radiation: Effects of Radiation on the 
Environment” UNSCEAR Report Supp. pp.1-86. 
 United Nations Scientific Committee on the Effects of Atomic Radiation ‘UNSCEAR’ 
(2006) “Non-Targeted and Delayed Effects of Exposure to Ionizing Radiation” 
UNSCEAR Report Vol. II Supp. pp.1-79. 
Valette-Silver, N. & Lauenstein, G. (1995) “Radionuclide Concentration in Bivalves 
Collected along the Coastal United States” Marine Pollution Bulletin 30(5): 
pp.320-331. 
Vanloon, A., Sonneveld, E., Hoogerbrugge, J., VanderSchans, G., Grootegoed, J., 
Lohman, P. & Bann, R. (1993) “Induction and Repair of DNA Single-strand 
Breaks and DNA Base Damage at Different Cellular Stages of Spermatogenesis 
of the Hamster upon In Vitro Exposure to Ionizing Radiation” Mutation 
Research/DNA Repair 294(2): pp.139-148. 
Venier, P., DePitta, C., Pallavicini, A., Marsano, F., Varotto, L., Romualdi, C., 
Dondero, F., Viarengo, A. & Lanfranchi, G. (2006) “Development of Mussel 
mRNA Profiling: Can Gene Expression Trends Reveal Coastal Water 
Pollution?” Mutation Research 602(1-2): pp.121-134. 
Ventura, C. & Maioli, M. (2001) “Protein Kinase C Control of Gene Expression” 
Critical Reviews in Eukaryotic Gene Expression 11(1-3): pp.243-267. 
 183
 
 
Villela, I., Oliveira, I., Silva, J. & Henriques, J. (2006) “DNA Damage and Repair in 
Haemolymph Cells of Golden Mussel (Limnoperna fortune) Exposed to 
Environmental Contaminants” Mutation Research 605(1-2): pp.78-86.   
Vispé, S., Cazaux, C., Lesca, C. & Defais, M. (1998) “Overexpression of Rad51 Protein 
Stimulates Homologous Recombination and Increases Resistance of Mammalian 
Cells to Ionizing Radiation” Nucleic Acids Research 26(12): pp.2859-2864. 
Wang, T. & Brown, M. (1999) “mRNA Quantification by Real Time TaqMan 
Polymerase Chain Reaction: Validation and Comparison with RNase 
Protection” Analytical Biochemistry 269(1): pp.198-201. 
Wang, S., Durrant, W., Song, J., Spivey, N. & Dong, X. (2010) “Arabidopsis BRCA2 
and RAD51 Proteins are Specifically Involved in Defense Gene Transcription 
during Plant Immune Responses” PNAS 107(52): pp.22716-22721. 
Wang, X., Li, G., Iliakis, G. & Wang, Y. (2002) “Ku Affects the CHK1-dependent G2 
Checkpoint after Ionizing Radiation” Cancer Research 62(21): pp.603-6034. 
Ward, J. (1995) “Radiation Mutagenesis: The Initial DNA Lesions Responsible” 
Radiation Research 142(3): pp.362-368. 
Ward, J. (2002) “The Radiation-induced Lesions which Trigger the Bystander Effect” 
Mutation Research Fundamental and Molecular Mechanisms of Mutagenesis 
499(2): pp.151-154. 
Watson, G., Lorimore, S., Macdonald, D. & Wright, E. (2000) “Chromosomal 
Instability in Unirradiated Cells Induced in Vivo by a Bystander Effect of 
Ionizing Radiation” Cancer Research 60(20): pp.5608-5611. 
Watson, A., Mata, J., Bahler, J., Carr, A. & Humphrey, T. (2004) “Global Gene 
Expression Responses of Fission Yeast to Ionizing Radiation” Molecular 
Biology of the Cell 15(2): pp.851-860. 
 184
 
 
Weiss, R., Matsuoka, S., Elledge, S. & Leder, P. (2002) “Hus1 Acts Upstream of Chk1 
in a Mammalian DNA Damage Response Pathway” Current Biology 12(1): 
pp.73-77. 
Whicker, F. & Schultz, V. (1982) “Radioecology: Nuclear Energy and the 
Environment” Vol. I. CRC Press, Inc., Boca Raton, FL. 
White, J. & Angelovic, J. (1966) “Tolerances of Several Marine Species to Co-60 
Irradiation” Chesapeake Science 7: pp.36-39. 
Wiese, C., Hinz, J., Tebbs, R., Nham, P., Urbin, S., Collins, D., Thompson, L. & Schild, 
D. (2006) “Disparate Requirements for the Walker A and B ATPase Motifs of 
Human RAD51D in Homologous Recombination” Nucleic Acids Research 
34(9): pp.2833-2843. 
Wilson, T. & Lieber, M. (1999) “Efficient Processing of DNA Ends during Yeast 
Nonhomologous End Joining - Evidence for a DNA Polymerase Beta (Pol4)-
Dependent Pathway” Journal of Biological Chemistry 274(33): pp.23599-23609. 
Wilson, J., Pascoe, P., Parry, J. & Dixon, D. (1998) “Evaluation of the Comet Assay as 
a Method for the Detection of DNA Damage in the Cells of Marine Invertebrate, 
Mytilus edulis L. (Mollusca: Pelecypoda)” Mutation Research 399(1): pp.87-95. 
Wilson, K., Sun, N., Huang, M., Zhang, W., Lee, A., Li, Z., Wang, S. & Wu, J. (2010) 
“Effects of Ionizing Radiation on Self-Renewal and Pluripotency of Human 
Embryonic Stem Cells” Cancer Research 70(13): pp.5539-5548.    
Wong, M. & Medrano, J. (2005) “Real-time PCR for mRNA Quantitation” 
Biotechniques 39(1): pp.75-85. 
Wood, W. (1987) “Effect of Solar Ultra-violet Radiation on the kelp Eckionia radiate” 
Marine Biology 96(1): pp.143-150. 
Woodhead, D. (1984) “Contamination Due to Radioactive Materials” in Marine 
 185
 
 
Ecology, Vol. V, Part 3, O. Kinne, Ed. (John Wiley and Sons, Ltd., Chichester, 
U.K.), p.1618. 
Wright, J., Keegan, K., Herendeen, D., Bentley, N., Carr, A., Hoekstra, M. & 
Concannon, P. (1998) “Protein Kinase Mutants of Human ATR Increase 
Sensitivity to UV and Ionizing Radiation and Abrogate Cell Cycle Checkpoint 
Control” Proceedings of the National Academy of Sciences of the United States 
of America 95(13): pp.7445-7450. 
Xiuzher, L. (1994) “Effect of Irradiation on Protein Content of Wheat Crop” Journal of 
Nuclear Agricultural Sciences China 15: pp.53-55. 
Xue, L., Butler, N., Makrigiorgos, G., Adelstein, S. & Kassis, A. (2002) “Bystander 
Effect Produced by Radiolabeled Tumor Cells In Vivo” Proceedings of the 
National Academy of Sciences of the United States of America 99(21): 
pp.13765-13770. 
Yamada, M., Aono, T. & Hirano, S. (1999) “ 239+240 Pu and 137Cs Concentrations in 
Fish, Cephalopods, Crustaceans, Shellfish, and Algae Collected around the 
Japanese Coast in the Early 1990s” Science of the Total Environment 239(1-3): 
pp.131-142. 
Yao, Q., Weigel, B. & Kersey, J. (2007) “Synergism between Etoposide and 17-AAG in 
Leukemia Cells: Critical Roles for Hsp90, FLT3, Topoisomerase II, Chk1, and 
Rad51” Clinical Cancer Research 13(5): pp.1591-1600. 
Yuan, S., Chang, H. & Lee, E. (2003) “Ionizing Radiation-induced Rad51 Nuclear 
Focus Formation is Cell Cycle-regulated and Defective in both ATM−/− and c-
Abl−/− cells” Mutation Research 525(1-2): pp.85-92. 
Yuan, J. & Chen, J. (2010) “MRE11-RAD50-NBS1 Complex Dictates DNA Repair 
Independent of H2AX” Journal of Biological Chemistry 285(2): pp.1097-1104. 
 186
 
 
Zachos, G., Rainey, M. & Gillespie, D. (2003) “Chk1-deficient Tumour Cells are 
Viable but Exhibit Multiple Checkpoint and Survival Defects” The EMBO 
Journal 22(3): pp.713-723. 
Zainullin, V., Shevchenko, V., Mjasnjankina, E., Generalova, M. & Rakin, A. (1992) 
“The Mutation Frequency of Drosophila melanogaster Populations Living 
Under Conditions of Increased Background Radiation due to the Chernobyl 
Accident” Science of the Total Environment 112(1): pp.37-44. 
Zakian, V. (1995) “ATM-related Genes: What Do they Tell us about Functions of the 
Human Gene?” Cell 82(5): pp.685-687. 
Zdzienicka, M. (1995) “Mammalian Mutants Defective in the Response to Ionizing 
Radiation-induced DNA Damage” Mutation Research 336(3): pp.203-213. 
Zeng, Y., Forbes, K., Wu, Z., Moreno, S., Piwnica-Worms, H. & Enoch, T. (1998) 
“Replication Checkpoint Requires Phosphorylation of the Phosphatase Cdc25 by 
Cds1 or Chk1” Nature 395(6701): pp.507-510.     
Zhao, H. & Piwnica-Worms, H. (2001) “ATR-Mediated Checkpoint Pathways Regulate 
Phosphorylation and Activation of Human Chk1” Molecular and Cellular 
Biology 21(13): pp.4129-4139. 
Zhao, G., Sonoda, E., Barber, L., Oka, H., Murakawa, Y., Yamada, K., Ikura, T., Wang, 
X., Kobayashi, M., Yamamoto, K., Boulton, S. & Takeda, S. (2007) “A Critical 
Role for the Ubiquitin-Conjugating Enzyme Ubc13 in Inhibiting Homologous 
Recombination” Molecular Cell 25(5): pp.663-675. 
Zhu, A., Zhou, H., Leloup, C., Marino, S., Geard, C., Hei, T. & Lieberman, H. (2005) 
“Differential Impact of Mouse Rad9 Deletion on Ionizing Radiation-induced 
Bystander Effects” Radiation Research 164(5): pp.655-661. 
Zielinska, B., Apostolidis, C., Bruchertseifer, F. & Morgenstern, A. (2007) “An 
 187
 
 
Improved Method for the Production of Ac-225/Bi-213 from Th-229 for 
Targeted Alpha Therapy” Solvent Extraction and Ion Exchange 25(3): pp.339-
349. 
Zimin, A., Delcher, A., Florea, L., Kelley, D., Schatz, M., Puiu, D., Hanrahan, F., 
Pertea, G., Tassell, C., Sonstegard, T., Marçais, G., Roberts, M., Subramanian, 
P., Yorke, J.  & Salzberg, S. (2009) “A Whole-genome Assembly of the 
Domestic Cow, Bos taurus” Genome Biology 10(4) Article R42: pp.1-10. 
 
 98
 
 
 
